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ULTRASONIC  ATTENUATION  IN  ALKALI  SILICATE 


GLASSES  BETWEEN  80  and  300°K 


InCroduc  t ion 


The  acoustic  loss  spectra  for  almost  all  glasses  having 
tetrahedral  structure  exhibit  very  interesting  features  at  low 
temperatures  [1-8].  For  instance,  a large  attenuation  peak  is 
observed  for  fused  silica  at  48aK.  Anderson  and  Bommel  [l] 
suggested  that  the  observed  attenuation  in  the  low  temperature 
region  is  related  to  the  transverse  motion  of  oxygen  atoms  in 
the  Si-O-Si  bridge.  The  oxygen  atom  can  assume  any  of  two  or 
more  equivalent  positions  around  the  straight  angle.  The,  dis- 
placed oxygen  atom  requires  a small  activation  energy  (1340 
cal/mole)  to  return  to  its  original  position,  thereby  causing 
ultrasonic  loss.  Based  on  the  same  structural  concept  but 
assuming  longitudinal  rather  than  transverse  motion  of  the  oxygen 
atom  in  the  Si-O-Si  bridge,  Strakana  [2,3]  developed  a theory  to 
explain  the  loss  peaks  for  SiOj,  GeC^,  ®2^3*  an<*  Afi2®3  glasses. 
Although  both  of  the  theories  offer  a good  explanation  for 
acoustic  loss  they  do  not  explain  any  of  the  other  anomalous 
properties  of  fused  silica  such  as  negative  thermal  expansion, 
positive  temperature  derivatives  of  elastic  moduli,  negative 
pressure  derivatives  of  elastic  moduli,  and  excess  specific  heat. 
Moreover,  neither  theory  is  compatible  with  the  X-ray  data  on 
oxygen  arigle  distribution  [9].  Recently,  Vukcevich  [9]  has 
developed  a new  'two  minima  potential'  model  to  explain  most 


■ 


-2- 


ot  the  anomalous  properties  of  fused  silica  including  anomalous 

acoustical  properties,  the  model  being  in  agreement  with  the 

/ 

X-ray  data.  According  to  this  model,  the  vitreous  network  has 
a tendency  to  assume  certain  values  of  the  Si-O-Si  angle.  These 
angles  are  grouped  around  two  crystalline  phases,  namely  a and  fl 
pha se 9,  se par a ted  by  a potential  barrier.  The  activation  energy 

required  for  a rotation  from  9 to  J phase  is  /very  close  to  the 

/ 

activation  energy  calculated  for  dielectric  and  acoustic  loss. 

The  Vukcevich  theory  thus  offers  very  good  explanation  for 

l 

the  relaxation  mechanism.  ' 

i 

A review  of  the  work  on  glasses  shows  that  not  much  attenua- 
tion work  has  been  done  in  alkali  silicate  glasses  at  ultrasonic 

frequencies.  The  results  of  ultrasonic?  attenuation  at  30  MHz  in 

/ 

M^O-SiO^  glasses  (where  M is  1 i th ium,  s od ium, or  potassium) 
are  presented  here  in  the  temperature  range  of  80  to  300°K.  Three 
relaxation  mechanisms  are  possible  for  alkali  silicate  glasses-- 
the  low  temperature  structural  relaxation  involving  a small 
activation  energy  caused  by  oxygen  atom  vibration  in  the  Si-O-Si 
bridge  [1,2],  the  alkali  ion- migration-type  relaxation  occurring 

at  relatively  higher  temperature  [4,10,11,15],  and  the  relaxation 

/ 

caused  by  phase  transformation  near  the  phase  transition  tempera- 
ture, T [12,15].  However,  in  the  present  temperature  range  and 
g 

frequency,  only  structural  relaxation  and  some  part  of  theslkall- 
migration  is  observed. 

Experimental  Methods  j 

Alkali  silicate  glasses,  synthesized  at  the  National  Bureau 

i 

l 
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of  Standards,  Washington,  D.  C.,  and  fused  silica  (Corning  Class 

Works  code  7940)  were  used  in  this  study.  Table  l contains  the 

chemical  composition  of  the  glasses  along  with  their  annealing 

temperatures.  Right  circular  cylinders  of  1 . 9- cm  diameter  and 

~ 1.2-cm  length  were  cored,  and  the  end  faces  of  these  specimens 

4 

were  polished  so  that  they  were  parallel  to  within  1 part  in  10 
and  flat  to  + 1/z  wavelength  of  sodium  light. 

A modified  pulse- echo- overlap  method  developed  by  Chung  et 
al.  [13]  was  used  for  measuring  ultrasonic  attenuation  at  low 
temperatures.  The  block  diagram  of  the  experimental  setup  is 
shown  in  Figure  1.  This  method  is  essentially  a pulse-echo 
method  with  a few  variations  in  the  velocity  measuring  technique. 
In  this  method,  the  pulse  repetition  frequency  is  divided  by  100 
or  1000,  and  the  RF  pulse  generator  is  triggered  at  the  divided 
frequency.  However,  the  oscilloscope  is  triggered  externally 
by  the  repetition  rate  generator  so  that  a cy c le - f or-cy c le 
match  of  all  echoes  is  observed.  Selective  intensification  of 
a pair  of  echoes  is  effected  with  a two-channel  'strobe'  delay 
generator  contained  within  the  attenuation  recorder  (Matec  model 
2470)  and  with  output  to  the  Z-axis  of  the  scope.  These  strobes 
simultaneously  open  two  gates  within  the  attenuation  recorder 
so  as  to  select  the  video  forms  of  the  same  two  echoes  from  the 
echo  train.  Following  peak  detection,  the  logarithmic  difference 
of  the  two  echoes  is  measured  and  displayed  on  the  X- Y recorder. 
In  practice,  attenuation  measurements  have  an  accuracy  of  1% 
and  a resolution  of  0.2  db.  The  method  allows  a continuous 
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Teb  1 • 1. 


Chemical  composition,  density  end  annealing 
temperature  of  the  alkali  silicate  glasses. 
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monltorlng  of  the  attenuation  an  a function  of  t emu e r a t u r e , 
and  resolving  any  relaxatlonal  phenomena  within  the  absorption 
s p e c t r a . 

Twenty  Mllz,  X-  and  Y-cut  , 6-mm  diameter,  quartz  transducers 
were  bonded  to  the  specimen  with  either  Nonaq  (Fisher  Scientific 
Co.)  or  DC  200  silicon  fluid  (Dow  Corning)  having  viscosity  of 
12, 500  cs . 

Results  and  Discussion 

The  composition  dependence  of  30  MHz  longitudinal,  Op. 
and  shear  attenuation,  ofl>  was  investigated  in  17  alkali  silicate 
glasses  at  room  temperature.  Of  these,  seven  were  LI2O-SIO2* 
seven  Na20-S102»  and  three  K20-S102  glasses.  The  results  of 
attenuation  versus  the  M20  content,  listed  in  Table  2 and  plotted 
in  Figure  2,  show  that  both  the  Op  and  o8  generally  increase 
with  the  M2O  content.  As  compared  with  the  nearly  linear 
composlt ion-dependence  of  Op*  the  ag  varies  cu rv i 1 1 nea r ly  with 
composition,  the  concavity  of  the  curves  being  toward  the 
composition- axis . Among  the  glasses  studied,  the  Na20-SiO2 
glasses  have  highest  Op  and  o8  values.  For  given  M2O  content, 
ffp  value  increases  in  the  order  of  Na  > K > Li  glasses,  whereas 
the  or8  value  increases  in  the  order  of  Na  > Li  > K glasses  (Fig. 
2).  The  best-fit  equations  relating  the  linear  dependence  of 
Op  and  quadratic  dependence  of  o8  to  the  MjO  content,  M,  respec- 
tively, for  the  three  types  of  alkali  silicate  glasses  are  listed 


in  Table  3. 
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Tablt  2 . Coapoalt  1 on  Dtptndtnct  of  30  MHi  Longitudinal  md 
Shear  Attenuation  In  Alkali  Silicate  Claaeee 


Claaa  No. 

Coapoaltlon,  Mole  l 

Attenuation,  db/ca 

a /a 
EL 

m20 

sio2 

Longitudinal 

<V 

Shear 

<a.) 

ll20-SI02 

glaaa.a 

K- 199 

20 

so 

3.50 

6.97 

1.99 

K-154 

25 

75 

4.03 

7.60 

1.89 

H-171A 

20 

72 

4.82 

8.95 

1.06 

It  - 16  3 

30 

70 

5.11 

9.12 

1.78 

It-  170 

32 

68 

5.06 

10.18 

2.01 

It  • 162 

35 

65 

5.37 

11.01 

2.05 

K-  197 

35 

65 

5.36 

10.90 

2.03 

HOjO-SIOj 

K-  1 10 

10 

90 

2.60 

5.40 

2.08 

K-lll 

15 

05 

3.70 

7.61 

2.06 

K-112 

20 

80 

4.31 

9.22 

2.14 

K-113 

25 

75 

5.12 

11.95 

2.33 

It-  1 14 

30 

70 

6.12 

14.89 

2.43 

It-  115 

35 

6! 

7.05 

17.75 

2.52 

It  - 1 16 

40 

60 

7.90 

20.21 

2.56 

'1 
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Fig.  2.  Composition  dependence  of  ultrasonic  attenua 
tion  of  longitudinal  and  shear  waves  in  alkali 
silicate  glasses  at  room  temperature. 
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Table  3.  Results  of  the  analyses  of  data  In  Table  2,  expressed  as 

2 

Of  • A + BM  and  cr  • C + DM  + EM  , where  M is  mole  X M„0. 

P • 2 

Units  of  a and  a coefficients  K and  C:  db/ctn:  B and  D: 

P * 2 

db/ciu  mole  X\  and  E:  db/cra  (mole  7.) 


Bee  t -Fit 

Values 

Correlation 
Coef  f lc lent 

C 

Best-Fit  Values 

Standard 

Deviation 

Class  Type 

K 

B 

D 

E 

li2o-sio2 

1.040 

0.127 

0.969 

6.350 

-0.116 

0.0071 

0.26 

Na20-S102 

0.898 

0.174 

0.998 

1.  84  5 

0.314 

0.0038 

0.32 

k2o-sio2 

0.4  80 

0.137 

0.998 

0.550 

0.299 

0.0014 

0 

f* 


•S 
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For  the  alk.il.  silicate  glasses  Investigated,  the  ratio 
a8/ap  ranges  between  2 and  2.6,  being  ^ 2 for  Li^O-SiO^  contain- 
ing 10  mole  % L^O,  slightly  decreasing  and  then  increasing  with 
increasing  M;  for  the  Na^O-SiC^  and  K2°-Si02  glasses,  the  ratio 
mono  ton  ica  1 1 y increases  from  *w  2.1  (for  15  mole  % 1^0)  to  2.6 
(for  40  mole  % l^O). 

The  frequency  (f)  dependence  of  a was  studied  in  the  10  to 
90  MHz  range  for  the  10  alkali  silicate  glasses  in  which  M2O 
content  varies  from  15  to  40  mole  X.  Results  are  given  in  Table 


4.  The  relationship  between  and  f for  the  three  alkali  sili- 
cate glasses,  containing  25  mole  % M2O,  is  shown  in  Figure  3A 
Figure  3B  is  a similar  0^  versus  f plot  for  the  three  types  of 
alkali  silicate  glasses  for  which  the  frequency  dependence  of 
was  studied  in  the  maximum  frequency  range. 

As  can  be  seen  in  Figure  3,  relationship  between  and  f 
is  linear,  within  experimental  errors,  for  all  the  glass  compo- 


sitions studied.  By  assuming  an  exponential  relationship  of 

X 

a to  f (as  was  commonly  found)  , a = kf  , where  k and  X are 
p P 

constants,  we  calculated  X to  be  ^ 1 (1.00  ± 0.09)  for  all  the 
glass  compositions.  This  then  excludes  any  possibility  of 
Akhieser-  type  phonon-phonon  interaction  loss,  which  would  have 
yielded  values  of  X >>  1.  The  attenuation  was  also  found  to 

be  independent  of  the  power  of  the  ultrasonic  generator  (within 
receiver  linearity),  which  shows  that  the  attenuation  is  not 
hysteres is- type  loss. 

The  temperature  dependence  of  and  at  30  MHz,  inves- 
tigated in  the  range  of  80  to  300°K  for  seven  lithium  and  three 


1 ... 
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Table  4.  Frequency  dependence  of  longitudinal  attenuation  (or  ) In  alkali 
• lllcate  glasses;  k and  n.  are  the  beat-fit  values  ^for  the 

assumed  relation  or  •»  kf* 

P 


4 


1 

m 

? i L 


Class  No. 
and 

Compos  It  Ion* 

_v. 

db  /c  m 

k 

db . sec/cm 

X 

10 

30 

Frequency  , Mllz 
50  '70 _ 

90 

110 

li2o- 

S102  glasses 

K - 199 

(20) 

1.30 

3.50 

6 .17 

8.60 

11.90 

14.43 

-0.917 

1.011 

K-154 

(25) 

1.79 

4.03 

6 . 80 

10.31 

-0.651 

0.882 

K - 1 6 3 

(30) 

1.99 

5.  11 

8.75 

12.79 

-0.662 

0.948 

K - 1 6 2 

(35) 

2.05 

5.37 

9.11 

12.71 

-0.636 

0.941 

Na20- 

SiOjglasses 

K-113 

(25) 

1.75 

5.12 

9.07 

13.23 

16.35 

-0.794 

1.03 

K-115 

(35) 

2.54 

7.05 

11.75 

-0. 546 

0.948 

X-114 

(40) 

3.0 

7 . 90 

13.2 

-0.441 

0.914 

KjO-SIOj  glasses 

K-196 

(15) 

83 

2.51 

4.45 

6.63 

9 . 53 

11.49 

-1.207 

1.105 

K-194 

(20) 

1.01 

3.27 

5.72 

8.46 

-1.087 

1.088 

K-192 

(25) 

1.  24 

3 . 88 

6.63 

-0. 94  8 

1.041 

MjO  content  of  glass  Is  given  In  parentheses. 
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potassium  silicate  glasses,  are  presented  in  Figures  4-7. 

Similar  data  for  seven  sodium  silicate  glasses  were  reported 
in  an  earlier  paper  [14]  and  are  reproduced  In  Figure  8.  One 
of  the  important  findings  of  the  previous  study  of  Na20-Si02 
glasses  [14]  was  the  broadening  of  the  low- t empera tu re  attenuation 
peak  (observed  at  ~ 47°K  in  fused  silica)  with  increasing  ^£0 
content^  which  was  explained  as  being  caused  by  either  thermal 
broadening  [1],  or  a wider  distribution  of  activation  energies, 
or  superposition  of  the  h i gh- t empe r a tu r e alkali  ion  relaxation, 
the  latter  possibility  existing  at  least  for  the  low-silica 
glasses.  The  other  important  finding  was  the  shift  of  peak 
attenuation  temperature  toward  higher  temperature  with  increasing 
Na 2O  content  (see  Fig.  8).  In  view  of  this  and  the  limited 
temperature  range  (80  to  300°K)  of  previous  and  present  studies, 
the  low- t empe r a t u r e attenuation  peaks-  below  80°K  could  not  be 
observed  for  the  low-alkali  glasses.  In  the  study  of  Na20-SiC>2 
glasses  [14],  the  attenuation  peak  above  80°K  was  observed  for 
only  those  which  contained  20  or  higher  mole  % Na20  (Fig.  8). 

In  the  present  study  of  the  lithium  silicate  glasses,  the  corre- 
sponding low- t empe ra tu re  attenuation  peak  is  not  observed  for  any 
of  the  glasses  (Fig.  4);  the  attenuation  peaks  presumably  occur 
between  47  and  80°K,  more  so  near  47®K,  which  is  outside  the 
temperature  range  of  our  study.  In  Figure  5,  showing  temperature 
dependence  of  ap  for  the  three  potassium  silicate  glasses,  we 
observe  an  attenuation  peak  at  ~ 103°K  for  the  K 192  glass  which 
contains  25  mole  % The  temperature  dependences  of  as  f°r 
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Fig.  5.  Temperature  dependence  of  longitudinal  wave  attenua 
tion  in  K,0-Si0,  glasses. 
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Fig.  8.  Temperature  dependence  of  longitudinal  wave  attenua- 
tion for  Na20-SiC>2  glasses;  the  values  in  parentheses  denote 

mole  X Na20. 


I! 

■A 

% 

Jj 


-19- 


those  glasses  (Figs.  6 and  7)  follow  the  same  trends  as  their 
temperature  dependence  of  &p  (Figs.  4 and  5).  A comparison  of  the 
trends  In  the  a0  versus  temperature  curves  for  the  K^O- SiOj 
glasses  (Fig.  5)  Indicates  that  the  attenuation  peak  for  the  K 
194  (20  mole  7,  K^O)  and  K 196  (IS  mole  7.  l^O)  glasses  would  be 
observed  at  temperatures  below  80®K. 

In  order  to  examine  the  low- tempe rature  structural  relaxa- 
tion, it  would  be  of  interest  to  find  if  the  attenuation  peak 
in  KjO-SlC^  glasses  shifts  in  a trend  similar  to  that  in  Na20-Si02 
glasses,  by  extrapolating  the  attenuation  versus  temperature 
curves.  Because  of  the  broadening  of  the  peak,  there  is  signif- 
icant uncertainty  in  predicting  the  peak  attenuation  temperatures 
in  this  manner,  especially  for  the  low  alkali  glasses,  as  was  the 
case  for  the  glasses  K 110  and  K 111  (Fig.  8)  [14].  Nonetheless, 

an  examination  of  Figures  4 and  6 indicates  a strong  support  for 
our  previous  finding  that  the  peak  attenuation  temperature  does 
shift  toward  higher  temperature  with  Increasing  alkali  content. 
This  point  may  be  further  tested  by  conducting  experiments  in  the 
50  to  80°K  range. 

In  order  to  examine  the  low- temperature  structural  relaxa- 
tion mechanism  present  in  fused  silica  and  also  in  alkali 
silicate  glasses,  it  would  be  of  interest  to  compute,  from  the 
frequency  dependence  of  peak  sound  attenuation  temperature,  the 
most  probable  activation  energies  for  different  alkali  concentra- 
tions. As  attenuation  data  at  different  frequencies  are  not  yet 
available,  no  attempt  can  be  made  to  calculate  the  activation 


energies.  However,  from  the  shift  of  the  peaks  to  higher 
temperatures  t it  is  suggested  that  in  some  systematic  fashion 
the  activation  energy  Is  increasing  with  Increasing  alkali 
content . 

Although  the  high  temperature  alkali  relaxation  seems  to 
obscure  the  low  temperature  side  of  the  attenuation  curve,  at 
least  for  low-silica  glasses,  it  is  clearly  indicated  by  the 
magnitude  of  the  attenuation  curves  that  the  magnitude  of  the 
peak  attenuation  (see  Figs.  A,  6 and  8),  and  thus  the  relaxation 
strength,  decreases  with  increasing  alkali  concentration. 

However,  tills  behavior  la  not  observed  in  potassium  silicate 
glasses  (Figs.  5 and  7),  which  could  be  because  of  a relatively 
slower  decrease  of  K ion  relaxation  strength  with  temperature. 
Phenomenologically,  the  attenuation  process  can  be  interpreted 
on  the  basis  of  a structural  model  in  which  the  alkali  molecule 
modifies  the  existing  Si-O-Si  bridge.  This  modification  may 
result  in  the  formation  of  a weaker  Si-O-M  bond  or  an  unbridged 
Si-0  bond.  The  former  type  of  modification  would  impede  the 
movement  of  the  oxygen  atoms,  and  since  the  movement  of  the 
oxygen  atom  is  assumed  to  be  the  cause  of  attenuation,  this  would 
result  in  a decrease  in  attenuation  accompanied  by  an  Increase 
in  the  activation  energy.  The  latter  structure  would,  however, 
make  no  contribution  to  the  attenuation  In  other  words, 

loosening  of  the  structure  occurs  with  the  addition  of  alkali 
ions.  This  i 8 compatible  with  the  Internal  friction  data  at 
low  frequencies  [10], 
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Figure  9 shows  the  temperature  dependence  of  longitudinal 
attenuation  In  the  three  types  of  alkali  silicate  glasses  con- 
taining 25  mole  Z M90.  It  appears  that  the  effect  of  alkali 
Ions  on  the  peak  attenuation  temperature  is  increasing  in  order 
of  Li  > K > Na.  No  comments  can  be  made  on  the  intensity  of 
structural  relaxation  peak  as  it  Is  hard  to  resolve  from  alkali 
ion  relaxation  contribution. 

At  30  MllZt  one  would  expect  to  observe  alkali  ion  relaxation 
as  temperature-dependence  of  longitudinal  and  shear  attenuation 
increases  with  increasing  alkali  content.  The  effect  of  composi- 
tion on  the  Internal  friction  at  much  lower  frequencies  for 
Na^O-SiO^  system,  stud  led  by  Forry  [10),  shows  an  Increase  in 
intensity  and  decrease  in  peak  temperature  as  the  Na^O  content 
Increases.  In  light  of  this  and  our  results  (Figs.  4-5  and  9), 
it  may  be  concluded  that  the  high  temperature  attenuation  peak 
would  shift  toward  lower  temperature,  accompanied  by  a decrease 
in  the  activation  energy,  with  increasing  alkali  content.  A 
similar  shift  in  the  high  temperature  relaxation  is  also  observed 
for  the  Na20-Ge02  system  (12).  However,  because  of  the  limited 
temperature  data,  no  comparative  study  on  the  strength  of  alkali 
ion  relaxation  can  be  made.  It  is  desirable  to  investigate 
further  the  composition  dependence  of  alkali  ion  relaxation  at 
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SECT  ION  II 

ELASTICITY  OK  ALKALI  SILICATE  GLASSES 

The  elastic  parameters  of  the  21  glasses  In  the 
systems  LijO-SiC^*  Na20-Si02%  and  KjO-SiOj  with  systematic 
compositional  variation  (K^O  content  varying  from  10  to  55 
mole  %)  have  been  Investigated  both  at  ambient  pressure  and 
temperature  as  well  as  to  5 kbar  and  to  300°C.  The 

results  are  given  in  Table  1.  In  a given  MjO-SK^  glass 
system,  the  elastic  properties  can  be  related  to  the  M 2 0 con- 
tent or  S102/M20  ratio.  The  composition-dependence  of  the 
moduli  is  shown  in  Figures  1 through  3.  The  Li20~Si02  glasses 
behave  differently  from  the  Nao0-Si02  and  KjO-Sil^  glasses 
in  that  the  addition  of  causes  an  increase  in  Young's  and 

shear  moduli  in  the  former  and  a decrease  in  the  latter.  The 
bulk  modulus,  however,  increases  in  all  three  cases.  It 
appears  that  L i 2 0 does  not  weaken  the  silica  structure,  in 
contrast  to  the  role  of  ^2®  and  ^0. 

Figures  4 and  5 show  the  relationships  between  dK/dP,  dp/dT, 
dK/dT,  and  composition.  The  present  results  confirm  the 
earlier  findings  that  the  anomalous  behavior  of  silica-based 
glasses  (decrease  of  moduli  with  pressure)  can  be  quantita- 
tively related  to  the  SiC^  content.  Figure  6 shows  a relation- 
ship between  (d  Hn  p/dP)  versus  Poisson's  for  the  alkali 
silicate  glasses,  which  compares  well  with  the  other  tetrahe- 
drally  coordinated  glasses  like  SiC^.  GeC^.and  BeF2  [11- 
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SECTION  III 

THERMAL  EXPANSIVITY  OF  ALKALI  SILICATE 
GLASSES  BETWEEN  25  AND  300°C 


Introduction 

A solid  expands  on  heating  because  the  atomic  configuration 
corresponding  to  minimum  free  energy  changes  with  temperature. 
Contributions  to  the  free  energy  and  hence  to  the  thermal 
expansion  of  silicate  glasses  arise  mostly  from  the  kinetic 
energy  of  lattice  vibrations  and  to  a significantly  leaser  degree 
from  potential  energy  of  the  atoms  in  the  lattice. 

It  has  been  shown  [1-3]  that  those  vibrations  in  a network 
for  which  volume  dependence  of  vibrational  frequency  (du/dV)  is 
negative  make  a negative  contribution  to  thermal  expansion. 

In  silica  structures  such  a negative  contribution  arises  from 
the  low  frequency  transverse  of  oxygen  atoms  between  pairs  of 
tetrahedrally  coordinated  atoms  [4,5];  such  vibrations  are 
relatively  more  easily  excited  at  low  temperatures  [6]. 

Smyth  [5]  has  pointed  out  that  ideally  transverse  vibra- 
tion of  oxygen  atoms  would  be  freest  if  the  Si-O-Si  angle  were 
180°.  In  fused  silica  this  angle  is  around  148°  but  the  trans- 
verse oxygen  vibrations  still  contribute  to  the  negative 
thermal  expansion  at  low  temperatures.  At  room  temperature 
and  above,  fused  silica  has  a small  positive  coefficient  of 
thermal  expansion,  which  indicates  that  these  transverse  modes 
are  operative  at  room  temperature  and  are,  to  some  extent. 
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contrlbutlng  negatively  to  the  thermal  expansion.  Investigation 

of  the  thermal  expansivity  of  alkali  silicate  glasses  should 

provide  a better  understanding  of  the  role  of  the  transverse 

vibrational  modes  in  the  glass  properties. 

Additions  of  alkali  oxide  (MjO)  to  silica  results  in 

ne twork- f i 1 1 lng , breaking  of  the  Si-O-Si  bonds  and  formation  of 

weaker  Si-O-M  bonds,  and  modification  of  the  Si-O-Si  angles. 

+ 2- 

The  strength  of  the  binding  forces  between  M and  0 ions, 

2 - 

and  the  polarizability  of  0 iona  will  also  vary  with 
content.  Previous  studies  of  the  thermal  expansion  properties 
of  alkali  silicate  glasses  [7-10]  show  that  the  expansivity 
depends  on  the  type  and  amount  of  l^O  present. 

The  purpose  of  this  research  is  to  systematically  inves- 
tigate the  effects  of  composition  as  well  as  temperature  on 
the  thermal  expansion  properties  of  binary  MjO-SiC^  glasses, 
where  M is  Li,  Na,  and  K,  and  to  interpret  the  results  in 
terms  of  structural  changes  and  the  variations  in  restoring 

forces  between  metal  and  oxygen  ions,  and  the  polarizability 
2- 

of  0 ions. 

Experimental  Methods 

The  Fizeau  interferometer  method  [11,12]  was  used  to 
measure  linear  thermal  expansivity  of  22  alkali  sili- 
cate glasses  (which  included  eight  LigO-SK^,  eight  Na20-Si02» 
and  six  XjO-Sii^  glasses;  see  Table  1)  as  a function  of 
temperature  in  the  range  of  25  to  300°C.  The  furnace  assembly. 
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interferometer  , the  photoelectric  fringe  detector,  and  viewing 
apparatus,  manufactured  by  the  Gaertner  Scientific  Company, 
were  used  in  the  experiments. 

Test  Specimens . The  same  alkali  silicate  glasses  employed 
in  the  attenuation  study  (Section  I of  this  report)  were  used. 

The  test  specimens  were  prepared  by  coring  out  three  6-mm-dia- 
meter,  10-mm-long  cylinders  from  each  glass;  these  were  flat- 
ended  at  one  end  and  coned  at  the  other  (at  45°).  Both  ends 
were  then  polished  with  1-micron  diamond  compound  optically 
flat  to  ( 1 / 4 ) X of  green  mercury  light.  The  difference  in 
length  of  the  three  specimens  was  between  0.01  and  0.02  mm, 
which  resulted  in  formation  of  7 to  10  fringes. 

Temperature  Cycles.  Temperature  of  test  specimens  during 
the  heating  cycle  was  continuously  increased  every  8 to  10  minutes  at 
an  approximate  rate  of  50°/hour.  The  fringe  count  and  tempera- 
ture were  continuously  monitored  with  a strip-chart  recorder 
and  a precision  potentiometer.  The  initial  temperature  (Tq) 
was  taken  as  25°C. 

During  the  cooling  cycle,  the  temperature  of  the  specimens 

decreased  at  a slower  r at e-- 30 6 C/hour . The  initial  temperature 

(T  ) in  the  cooling  cycle  was  chosen  as  300°C. 
o 

Theory  of  Interferometer  Method . The  method  involves 
observing  passage  of  Fizeau  fringes,  formed  by  interference  of 
light  beams  reflected  from  two  almost  parallel  glass  surfaces 
separated  by  a distance.  The  condition  for  destructive 
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interference  is  N*v  - 2nd,  where  N is  an  integer,  Xy  is  the 
wavelength  of  light  in  vacuum,  n is  the  optical  index  of  medium, 
and  d is  the  optical  distance  between  the  two  surfaces.  For 
constructive  interference  the  condition  is  (N  + 1)A  - 2nd. 

The  number  of  fringes  crossing  the  field  of  view  will  depend 
upon  optical  path,  that  is,  on  the  initial  length  and  the  expan- 
sivity of  material  under  investigation.  If  the  initial  length 
of  the  test  specimen  and  the  optical  index  of  the  air  at  tempera- 
ture Tq  are  Lq  and  nQ,  respectively,  we  have 


N 


2n  L 
o o 


(1) 


In  the  present  case  we  used  the  green  mercury  light,  for  which 
Av  ■ 5.461  x 10  5 cm.  Similarly,  at  a higher  given  temperature 
T^,  we  have 


t — (n  + An)  (L  + AL) 
a o o 


(2) 


where  An  and  AL  are  the  changes  in  n and  L,  respectively.  In 

the  Fizeau  interferometer  method  used  here,  the  fringe  count 

m ■ (N,  - N ) and  is  related  to  AL  as: 

1 o 


2n  AL  -*•  2L  An 
o o 

m ^ . 


(3) 


Therefore,  the  coefficient  of  linear  thermal  expansion 


(a£)  is: 


(4) 
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where  AT  » T,  - T 
1 o 


Calculation  of  a. 


The  number  of  fringes  varies  a a a function  of  temperature 
and  can  be  expressed  at  reference  temperature  T^  and  initial 
temperature  Tq  as  follows: 


NL  - a + axTx  + a2TL 


a + a. T + a-T 
1 o 2 o 


where  and  Nq  are  number  of  fringes  at  T.^  and  T , respectively; 
a,  a^  and  a2  are  the  coefficients.  If  > Tq  the  number  of 
fringes  increases  from  Tq  to  T^;  the  thermal  expansion  (AL/Lq) 
can  then  be  derived  from  eqs.  (4)  and  (5): 


C * mX  /2L  n - An/n  ■ mK  -K. 

\L  / voo  o ol 

° P 

■ Ko[al<Tl  - V + a2(Tl2-  To2)3-  K1 


where  K • X /2L  n , K,  ■ An  /n  , and  P signifies  a case  of 
o v oo  l oo 

increasing  temperature  (T^  > T ) . In  the  case  of  decreasing 
temperatures  (T2  < T ) , the  number  of  fringes  decreases  with 
decreasing  temperature  (case  Q) . Assume  in  this  case  and 


y-m,  n ■ rfrxrwcw r-*~- — .rv,-..-,  ,,.-  . „ „ 


Nq'  to  be  the  number  of  fringes  at  ?2  and  T , respectively. 
The  corresponding  equations  are: 


b + t>lTl  + b2x; 


b + b.T  + b0T 
1 o 2 o 


In  this  case,  the  thermal  expansion  is  negative  and  the  corres- 
ponding relationship  to  eq.  (6)  is  given  by 


(P) 


mK  + K. 
o 1 


- Ko  [bjtTj  - T0)  + kjCTj2-^  Kj  (8) 


From  eqs.  (6)  and  (8),  the  mean  value  of  thermal  expansion  is 
given  by: 
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B ■ (a^  - b^)  , and 

C ■ (a2~  ^2)  * 


Therefore,  the  mean  coefficient  of  linear  thermal  expansion 
(ot^)  is  determined  from  eq.  (10): 


«v 


mean 


J_  f A_L 
AT  NL 


o mean 


(A  + BTX  + CT^  ) 


The  general  form  of  eq . (10) is: 


aA(T)  - ~ (A  + BT  + CT2) 


(10) 


(ID 


The  experimental  procedure  in  the  determination  of  function 
a^(T)  involves  first,  counting  fringes  as  a function  of  tempera- 
ture and  evaluation  of  the  coefficients  A,  B,  and  C by  the 
least-squares  method  and  second,  calculation  of  thermal  expan- 
sivity (AL/Lq)  as  a function  of  temperature  using  eqs.  (9)  and 
(11). 
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Result9  and  Discussion 

Results  of  the  measurements  of  the  fractional  length  change 
( Al/Lq) , normalized  to  zero  at  25°C,  for  the  three  types  of 
alkali  silicate  glasses  to  300°C  are  shown  in  Figures  1-3.  The 
least-squares  analysis  of  both  increasing  and  decreasing  tempera- 
ture data  was  made  to  obtain  the  best-fit  expansion  versus 
temperature  curves  (Figs.  1-3).  The  (AL/Lq)  versus  temperature 
data  were  analyzed  to  obtain  best-fit  equation  expressing  the 

temperature  dependence  of  for  each  of  the  glasses:  a^T)  " 

2 

A + A.T  + A~T  , where  A , A,  and  A,,  are  the  constant  coeffi- 
o 1 l o 1 2 

dents  for  a given  glass  (Table  1)  . These  relations  were  then 
used  to  calculate  at  the  various  temperatues.  Figures  4 and 
5 show  the  composition  dependence  of  for  the  three  types  of 
alkali  silicate  glasses  calculated  at  25°C  and  at  the  three 
higher  temperatures  (100  to  300°C),  respectively.  As  can  be  seen 
from  Figures  1-5,  the  expansivity  of  the  three  types  of  alkali 
silicate  glasses  varies  systematically  with  composition  and 
temperature . 

Thermal  Hysteresis.  In  the  case  of  Li20-Si02  and  K20-Si02 
glasses  the  thermal  expansion  was  investigated  as  a function  of 
both  increasing  and  decreasing  temperatures  (Figs.  1 and  3). 

The  results  show  that  the  expansion  values  are  lower  for  the 
cooling  cycle  than  for  the  heating  cycle.  The  thermal  hystere- 
sis effect,  caused  mostly  by  the  difference  in  the  heating  and 
cooling  rates,  is  relatively  more  conspicuous  in  the  ^0-8102 
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Fig.  4 . Composition  dependence  of 
linear  thermal  expansion  coeffi 
(ot^)  for  binary  alkali  silicate 
glasses  at  25°C.  The  dashed  li 
indicate  the  breaks  in  the  comp 
dependence  of  cx^  and  the  solid 
represent  the  mean  curves  based 
present  study.  The  open  symbol 
respond  to  Shermer's  data  [10]. 
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glasses  than  in  the  Li^O-SiOj  glasses,  and  may  be  explained  by 
the  larger  thermal  stresses  present  in  the  l^O-SK^  glasses  due 
to  the  larger  size  of  the  k"*”  ions  as  compared  to  the  Li+  ions. 

Temperature  Dependence  of  Thermal  Expansion.  The  thermal 
expansion  of  the  alkali  silicate  glasses  increases  rapidly  with 
increase  in  temperature  (a^  varies  as  quadratic  in  temperature). 
The  temperature  dependence  of  a is  quite  similar  for  the  three 
types  of  alkali  silicate  glasses  (Figs.  1-3  and  5).  The  minor 
breaks  in  the  a^-compos i t ion  trends  at  room  temperature  (Fig.  4) 
can  also  be  found  to  some  extent  at  high  temperatures  (Fig.  5). 

For  given  content,  the  relative  change  in  a ^ with  increasing 

temperature  has  the  trend:  L^O-SiC^  > Na20-Si02  > I^O-SiC^. 

Composition  Dependence  of  Thermal  Expansion.  The  present 
room-temperature  values  for  the  alkali  silicate  glasses  are 
in  fairly  good  agreement  with  the  previous  data  [10],  except  for 
slightly  (%10%)  lower  values  for  the  Li20-Si02  glasses  deter- 
mined in  this  study  (Fig.  4).  However,  the  present  9tudy  con- 
firms the  earlier  finding  that,  in  general,  the  expansivity  of 
the  alkali  silicate  glasses  increases  with  increasing  content, 

the  rate  of  increase  being  relatively  higher  for  the  low-f^O 
glasses  (Fig.  4);  similar  relation  between  a ^ and  composition 
also  holds  true  at  higher  temperatures  (Fig.  5). 

To  interpret  the  composition  dependence  of  thermal  expansion 
we  should  understand  the  role  of  added  to  Si02  structure. 

Besides  filling  the  interstitial  space  in  the  silica  network 
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structure  which  results  in  the  decrease  of  the  openness  of  the 
silica  structure,  the  addition  of  MjO  also  causes  destruction 
of  the  continuity  of  the  silica  structure  (Si-O-Si  bonds)  and 
formation  of  the  nonbridging  oxygens  and  weaker  Si-O-M  bonds 
which  result  in  the  higher  expansivity  of  glass  [7,9,13].  The 
results  plotted  in  Figs.  4 and  5 show  increasing  a ^ with 
increasing  M^O  content.  (By  corollary,  the  elastic  moduli 
decrease  with  increase  in  M^O  content,  as  mentioned  in  Section 
II  of  this  report . ) 

The  room  temperature  values  of  the  Na20-Si02  and  l^O- 

Si02  glasses  containing  15  mole  % MjO  are,  respectively,  about 

13  and  16  times  that  of  silica  for  which  av  *«5  . 5 x 10  ^/deg 

[Table  1).  Such  a rapid  increase  in  the  upon  addition  of 

small  amounts  of  may  be  explained  by  appreciable  changes 

in  the  asymmetry  caused  by  the  introduction  of  the  nonbridging 
o _ 

0 ions  into  the  "flawless"  Bernal  liquid  structure  of  silica 

[14].  (Si-0  bond  for  a nonbridging  0 Ion  is  stronger  than  for  a 

2 _ 

bridging  O ion).  Subsequent  additions  of  M 2 0 bring  about 
relatively  less  drastic  disproportionation  of  the  stronger  and 
weaker  binding  forces. 


\i 


In  a finer  analysis  of  Figures  4 and  5,  we  can  also  see 
that  a ^ does  not  vary  smoothly  with  content,  especially  in 

the  case  of  Na20-S102  glasses;  rather,  there  are  breaks  in  the 
a^-composition  trends  (indicated  by  dashed  lines  in  Fig.  4). 
The  breaks  occur  approximately  at  30,  28,  and  26  mole  % 
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composition  of  the  II  .,0-SH)^,  N,i  - S I o ,in«l  K^o-SiO^  glasses, 
respectively.  In  all  three  cases,  the  a ^ Increases  above  these 

compositions.  At  higher  contents,  (/'>32  mole  X K^O  a°d 

mole  X Na^O)  the  respective  a ^ seem  to  decrease  sliRhtly  from 
the  normal  trend.  Such  changes  in  are  not  unexpected  In 
view  of  the  fact  that  alkali  silicate  glasses  do  not  have  ran- 
domness of  the  silica-alkali  structures  [14-16]  which  would 
have  otherwise  produced  smooth  functions  of  versus  compo- 

sition. Most  probably  the  formation  of  superlattice  structure 
consisting  of  submicroscoplc  crystallites  causes  the  a ^ to 
increase . 

In  the  study  of  thermal  expansivity  of  sodium  silicate 

glasses,  Blau  [18]  found  breaks  in  the  expansivity-composition 

curves  at  certain  ratios  of  bridging  and  nonbridging  oxygens, 

and  he  interpreted  this  as  being  some  sort  of  a regularity  in 

2- 

the  distribution  of  the  bridging  and  nonbridging  0 ions. 
Parallel  to  this,  we  relate  the  breaks  in  the  expansivity- 
composition  trends  to  the  varying  degress  of  submicroscoplc 
heterogeneity  in  the  glasses  [14]. 

The  difference  in  the  thermal  expansion  behavior  of  alkali 
silicate  glasses  having  similar  M 9 0 content  is  related  to  the 
different  polarizability  of  nonbridging  0^  tons,  which  is 
mainly  governed  by  the  field  strength  and  the  size  of  M ions 
[14].  The  field  strength  of  M * ions  decreases  In  the  order 
L i + ( 0 . 2 3 ) > N a *"  ( 0 . 1 9 ) > K ( 0 . 1 3 ) ; their  Ionic  size  varies  In 
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the  opposite  trend:  K+(1.33)  > Na+(0.95)  > Li+(0.60).  Large 

size  and  low  field  strength  of  K+  ions  introduce  relatively 

2- 

high  polarizability  of  nonbridging  0 ions  and  weak  Si-O-Si 
bonds,  resulting  in  the  high  thermal  expansion  coefficients  of 
K20-Si02  glasses  a3  compared  to  the  NajO-SiC^  and  L^O-SiC^ 

glasses . ; 

Contributions  of  the  Various  Oxides.  The  thermal  expansion 
contributions  of  the  oxides  composing  the  glasses  can  be  eval- 

> 

uated  from  the  experimental  values  of  the  expansion  coefficients 

l 

of  silicate  glasses,  assuming  the  additive  property  of  these 
contributions  [17,18]: 

ai  * ^ ai  Xi  O-2) 

where  is  the  linear  expansion  coefficient  of  the  glass, 
are  the  empirical  linear  expansion  coefficients  of  the  oxides 
present,  and  x ^ are  the  mole  % of  the  oxides.  The  thus 
calculated  for  Li20,  Na20  and  KjO  in  the  alkali  silicate  glasses 
(Table  2)  are  found  to  be  slightly  lower  than  those  determined 
from  the  other  silicate  and  alumino-silicate  glasses  [18j. 

Using  these  a^'s,  the  values  can  be  calculated  and  compared 

with  the  experimental  values  for  the  glasses  (Table  3) . 

Since  the  agreement  between  the  experimental  and  calculated 
values  is  good  (Table  3),  the  eq.  (4)  seems  to  hold  well  for 
the  alkali  silicate  glasses.  In  other  words,  although  the 
a .-composition  relations  for  the  alkali  silicate  glasses  are 
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Table  2.  Empirical  coefficient#  of  the  thermal  expansion 

contributions  (a^)  of  alkali  oxides  to  the  linear 
thermal  expansion  of  alkali  silicate  glasses  at  2S#C 


Glass  type 


Oxide 


i.  • 

r 

Ll20-Si0 

2 

li2 

SiO 

1 • 

*• 

l 

t 

1 

h 

N«20-Si02 

n*2 

SIO 

k 

K,0-Si0, 

K,0 

10  /deg  mole  Z 


Reference 


24.670 

27.0 

0.843 

0.63-3.8 

34.268 

39.50 

2.266 

CO 

cn 

l 

m 

so 

o 

43.028 

46.50 

3.194 

0.63-3.8 
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Table  3.  Comparison  of  experimental  and  predicted  thermal 
expansion  coefficients  (a^  in  10  ®/deg)  for  the 
alkali  allicate  glasses  at  25*C.  The  SiOj  content 
(in  molel)  of  the  glass  is  given  in  parentheses 


Glass  No. 

Experimental 

Predicted 

LljO-SiO^  Glasses 

K- 119  (80) 

5.43 

5.61 

K-154  (75) 

6.80 

6.80 

K-157  (72) 

• 7.77 

7.51 

K-198  (72) 

7.47 

7.51 

K-163  (70) 

8.06 

7.99 

K-170  (68) 

8.75 

8.47 

K-162  (65) 

8.81 

9.18 

K-197  (65) 

9.17 

9.18 

Na20-S102  Glasses 

K-110  (90) 

4.12 

5.47 

K-lll  (85) 

7.23 

7.07 

K-112  (80) 

9.67 

8.66 

K-113  (75) 

10.83 

10.27 

K-114  (70) 

12.06 

11.87 

K-115  (65) 

13.97 

13.47 

K-116  (60) 

14.64 

15.07 

K-117  (55) 

16.01 

16.67 

K20-Si02  Claasea 

K-196  (85) 

8.79 

9.16 

K- 194  (80) 

11.14 

11.16 

K-192  (75) 

13.39 

13.15 

K- 191  (70) 

15.80 

15.14 

K-189  (65) 

17.09 

17.13 

K.- 187-1  (60) 

18.68 

19.12 
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not  strictly  monotonic,  the  mean  relations  (Indicated  by  solid 
curves  in  Fig.  4)  are  useful  in  predicting  a ^ from  the  compo- 
sition of  an  alkali  silicate  glass. 

One  of  the  most  interesting  results  from  this  study  is 
that  the  for  Si02  is  not  uniform  in  the  three  types  of 
alkali  silicate  glasses;  it  varies  from  0.843/deg  mole  % in  the 
Li^O-SiO^  glasses  to  3.194/deg  mole  % in  the  K^O-SiO^  glasses-- 
a variation  of  the  order  of  4 (Table  2),  which  is  comparable 
to  that  found  in  the  other  glasses  (0.5-3.8  x 10-^/deg  mole  %)  [17]. 

The  large  variation  in  the  SiO^  contribution  may  be  explained 

by  the  large  difference  in  the  force  constants  of  the  Si-0 

2- 

bonds  involving  the  nonbridging  0 ions  in  the  three  types  of 
alkali  silicate  glasses. 
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SECTION  IV 

EFFECTS  OF  PHASE  SEPARATION  ON  ELASTIC 
PROPERTIES  AND  THERMAL  EXPANSIVITY 


The  phase  studies  were  conducted  by  Mr.  John  Kay,  R.P.I. 
The  following  method  was  used  by  him: 

Fracture  surfaces  of  the  glasses  were  obtained,  and  etched 
as  follows: 


^O-SiO^  glasses 
some  LijO-SiO^  glasses 
other  L120-S102  glasses 
NS20-S102  glasses 


10  seconds  2 % HC1 
10  seconds  2%  HC1 
10  seconds  2%  HF 
10  seconds  2%  HF 


Replica  samples  were  made  by  shadowing  a collodion  replica 
of  the  sample  surface  with  chromium  and  then  coating  It  with 
carbon.  Replicated  surfaces  were  then  viewed  In  a Hitachi  HU- 
LLB  electron  microscope  operated  at  100  KV . 


Results  and  Discussion 

Phase  separation  is  everywhere  present  in  alkali  silicate 

glasses.  The  volumetric  percentage  of  relatively  silica-rich 

phase  varies  from  11  to  15%  In  high- M2 0 glasses  to  as  high  as 

65  to  70%  In  glasses  with  25  to  30%  M2O,  and  the  particle  size 

© 

varies  from  700  A or  less  to  1/2  micron  (Table  1). 

In  spite  of  large  variations  in  phase  separation  (amount 
and  size)  , the  trends  of  elastic  property-composition  are 
quite  systematic  (see  figures  in  section  II). 


■/■—’-'Tv— •'  -i.-w'i-iz/ir* 


We  chose  three  L120-S102  glass  samples  (198,  171B,and 
K171A)  with  the  same  composition  (28  mole  X L^O)  and  varying 
degress  of  pTiase  separation  to  study  the  effects  of  phase 
separation.  K198  has  an  evenly  dispersed  phase  separation  with 

O 

particle  size  averaging  about  1000  A in  diameter  (Plate  I). 

171B  has  an  unevenly  dispersed  phase  separation,  the  particle 
size  being  500  to  100  A (Plate  II).  This  glass  showed  square- 
shaped crystals  of  about  0.75p  edge-length.  Glass  171A  has  an 
evenly  dispersed  phase  separation,  the  average  particle  size 

O 

being  ^1000  A . 

Thus,  in  terms  of  particle  size  and  composition,  these 
specimens  are  quite  similar.  Inspection  of  Table  2 shows 
that  there  is  no  systematic  variation  in  properties  with  the 
variation  in  the  degree  of  phase  separation,  except  In  the 
pressure  and  temperature  derivatives  of  the  moduli  and  thermal 
expansion.  The  and  dM/dT  values  seem  to  increase  when 
phase  separation  increases. 


Table  1.  Volumetric  percentage  and  particle  site  of  phase 
aeparatlon  In  alkali  silicate  glaaaea 


Class  No. 

Compos  1 1 1 on 
(mole  2) 

m2o  sio2 

Volume  t 

Average 
Particle  Size 

li2o-sio2 

Glasses 

K199 

20.0 

80.0 

64 

1/2  V 

K154 

25.0 

75.0 

25 

300-1500  X 

K171A 

28.0 

72.0 

37 

1000  A 

K1/1B 

28.0 

72.0 

22 

500-1000  X 

K198 

28.0 

72.0 

17 

1000  X 

K163 

30.0 

70.0 

65-70 

0.25-1  p 

K170 

32.0 

68.0 

62 

3200  A 

K16  2 

35.0 

65.0 

70,11 

1/2  p 

K197 

35.0 

65.0 

11 

3500  X 

Na20-S102 

Glasses 

KUO 

10.0 

90.0 

60 

500  A 

K112 

20.0 

80.0 

45 

500  X 

K114 

30.0 

70.0 

26 

1200  X 

K115 

35.0 

65.0 

47 

650  X 

K116 

40.0 

60.0 

15 

1000  X 

K20-Si°2 

Glasses 

K196 

15.0 

85.0 

15 

400  A 

K194 

20.0 

80.0 

75 

700  X 

K192 

25.0 

75.0 

50 

200  X 

64- 


Table  2.  Properties  of  three  Ll^O-SiOj  glasses  (containing  28 


■ole  X LijO)  with  varying 

degrees 

of  phase 

separation 

of  allica-rlch  phase 

K 198 

K 

1 71 B 

t 171A 

SiO^-rich  phase, 


volume  X 

17 

22 

37 

3 

P.  g/ca 

2.322 

2.322 

2.322 

V t km/»«c 
p 

6.153 

6.149 

6.149 

Vg,  ka/ sec 

3.720 

3.720 

3.722 

K,  kbar 

450.4 

449.6 

449.2 

U,  kbar 

321.4 

321.3 

321.6 

0 

.212 

.211 

.211 

(dK/dP) 

3.42 

3.59 

2.94 

<dy/dP) 

-.17 

-.14 

-.19 

(dK/dT),  kbar/deg 

-.043 

-.052 

-.014 

(dy/dT),  kbar/deg 

-.083 

-.079 

-.132 

O^,  10-6/deg 

7.47 

7.7 
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SECTION  V 


EFFECTS  OF  COMPOSITION,  PRESSURE,  AND  TEMPERATURE 
ON  THE  ELASTIC  PROPERTIES  OF  Si02-T102  GLASSES 


Introduction 

Si02~Ti02  glasses  containing  low  concentrations  of  Ti02 
(up  to  11  wt  X)  form  in  homogeneous  phase  [1-3];  Ti02  plays 
the  role  of  network  former  just  as  S102  does.  Interest  in 
the  S102-T102  glass  system  has  recently  developed  because  of 
its  low  thermal  expansion  properties.  The  Si02-T102  glass 
(Corning  Code  7971)  containing  7.4  wt  X Ti02  has  nearly  zero 
thermal  expansion  [4,  5]  in  the  temperature  range  of  0 lo  JUU'C 
In  a recent  systematic  study  [6],  it  has  been  shown  that  small 
amounts  of  Ti02  (up  to  10  wt  X)  added  -to  fused  silica  cause  a 
linear  decrease  in  the  coefficients  of  thermal  expansion  of 
silica  glass.  More  recently,  Schultz  [7,8]  has  discovered 
unique  annealing  methods  for  developing  the  low-expansion 
Si02~Ti02  glass  containing  12-20  wt  X T102. 

Variations  in  the  thermal  expansion  and  other  vibrational 
properties  of  the  Si02~Ti02  glasses,  caused  by  the  composi- 
tional variations,  are  directly  related  to  the  va  'iations  in 
the  structure  and  lattice  vibrations  of  the  glass  network.  A 
number  of  workers  have  studied  the  effect  of  Ti02  content  on 
the  various  properties  of  the  Si02~Ti02  and  related  silicate 
glasses  [6-19]  and  have  interpreted  the  results  in  terms  of 
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the  changes  In  structure  and  coordination  of  the  silicon  and 
titanium  ions.  However,  the  elastic  properties  of  the  Si02~ 
TIO2  glasses  have  so  far  not  been  systematically  investigated, 
The  purpose  of  this  section  is  to  report  on  the  elastic 
properties  of  the  SiO^-TiO^  glasses  as  a function  of  composi- 
tion, pressure,  and  temperature,  and  to  correlate  the  results 
with  the  variations  in  thermal  expansion  and  other  related 
anharmonic  parameters. 


Experimental  Methods 


Glass  Specimens.  The  seven  SiC^-TiC^  glasses  used  in 
this  study  were  kindly  supplied  to  us  by  Dr.  P.C.  Schultz  of  the 
Corning  Glass  Works.  These  were  prepared  by  flame  hydrolysis 
[6].  The  TiO^  content  of  the  glasses  ranges  from  1.3  to  9.4 
wt  X (Table  1) . Also  included  in  this  study  is  fused  silica 
(Corning  Code  7940),  purchased  from  the  Corning  Glass  Works. 

Elastic  measurements  were  made  on  the  glasses  in  as- 
produced,  unannealed  state  as  well  as  after  annealing.  The 
annealing  process  involved  heating  the  glasses  to  1020°C  for 
about  1-1/2  hours,  and  then  cooling  them  slowly  from  1020  to 
700°C  at  a rate  of  5#C/hour,  and  then  allowing  rhem  to  cool  inside 
the  furnace  from  700°C  to  room  temperature. 

Density  of  the  glass  specimen  was  measured  by  the  Archimedes 
method.  The  pulse  superposition  method  (20]  of  measuring 
ultrasonic  velocities  was  used.  The  details  of  the  electronics 
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and  high  pressure  and  temperature  equipment  used,  and  the 
procedure  to  reduce  the  basic,  data  are  described  elsewhere  [19] 

Results  and  Discussion 

Effect  of  Annealing.  The  relations  between  composition 
and  the  elastic  narameters,  especially  K and  p,  are  not  so 
well  defined  for  the  unannealed  glasses  (Figs.  1-3).  Follow- 
ing annealing,  the  relationships  become  systematic  and  more 
or  less  linear.  It  is  interesting  to  note  that  annealing 

brings  about  an  Increase  in  V and  p,  but  decrease  in  V . 

s p 

Similarly,  u and  E Increase  and  K decreases  (that  is,  compres- 
sibility increases)  after  annealing.  Annealing  causes  the 
removal  of  strains  and  rearrangement  of  the  glass  network  such 
that  the  structure  becomes  more  compact.  We  have  also  found 
compaction  effect  of  annealing  in  a SiC^-TiC^  glass  containing 
14.7  wt  X T10 2 . According  to  Schultz  [personal  communication, 
1974],  this  compaction  is  related  to  a coordination  change  of 
titanium  in  the  glass  from  4 to  6.  Based  on  Schultz's  work 
[7-8]»the  effect  of  coordination  change  seems  to  occur  in  only 
high-TiO^  (>  10  wt  Z)  glasses. 
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Elastic  Parameters  at  1 bar  and  25°C.  The  results  of  the 
elastic  parameters  as  a function  of  composition  are  shown  in 
Table  1 and  Figures  1-3.  McSklmin's  (unpublished)  data  on  V # 
V , E, and  u fot  fused  silica  and  the  Corning  Code  7971  glass 
are  in  agreement  with  the  present  results.  The  elastic  para- 
meters (longitudinal  velocity;  V , shear  velocity,  V ; bulk 
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Fig*  1.  Longitudinal  (V^)  and  shear  wave 
<Vs)  velocities  versus  TiOj  content. 
Annealing  causes  a decrease  in  V and 
an  increase  in  V . Triangles  are 
McSkimin's  (unpublished)  1972  data. 
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Pig.  3.  Bulk  (k) , shear  (u)  and  Young’s 
(E)  moduli  versus  HO2  content.  Anneal- 
ing causes  a decrease  In  K,  and 
an  increase  in  y and  E.  Triangles  are 
McSkimin's  (unpublished) 1972  data. 


modulus , K;  shear  modulus,  y;  Young’s  modulus,  E)  and  density 

(p)  of  the  annealed  SiO^-TiC^  glasses  decrease  more  or  less 

linearly  with  Increase  in  the  Ti02  content.  However,  Poisson’s 

ratio  for  these  glasses  increases  linearly  with  Ti02  content. 

The  decreases  in  the  moduli  are  interpreted  to  be  caused 

by  weakening  of  the  silica  network.  The  Ti^+  ions  have  lower 

4 + 

field  strength  than  the  Si  ions,  and  the  average  length  of 
Ti-0  bond  is  considered  to  be  larger  than  that  of  the  Si-0 
bond;  hence  the  Ti-0  and  Si-O-Ti  bonds  in  Si02-Ti02  glasses 
are  weaker  than  the  correspondong  Si-0  and  Si-O-Si  bonds  in 
silica  glass.  This  view  has  been  well  supported  by  infrared 
absorption  studies  [9]. 

At  low  Ti02  concentrations,  Si-equivalent  fourfold  Ti  ions 

exist  in  the  coordination  [1-3].  Hence  a decrease  in  p with 

increasing  Ti02  content  (Fig.  2)  seems,  at  first,  surprising 

4+ 

in  view  of  the  fact  that  substituted  Ti  ions  are  heavier 
than  the  Si^+  ions.  Evans  [1]  has  clearly  demonstrated  that 
the  additions  of  small  amounts  of  Ti02  to  the  Si02-Ti02  solid 
solution  (cristobalite  phase)  cause  the  tetragonal  aQ  and  cQ 
d-spaclngs  of  this  phase  to  increase.  Such  an  effect  would 


explain  the  variations  in  density  of  the  Si02~Ti02  glasses. 

A decrease  in  density  can  thus  be  interpreted  as  being  due  to 

the  increasing  openness  of  the  structure  as  Ti02  is  added. 

It  appears  that  Si-O-Si  and  Si-O-TL  angles  change  such  that  the 

44- 

openness  of  the  structure  increases.  That  is,  the  Ti  ions 
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Pressure  Dependence  of  the  Elastic  Moduli 

The  pressure  derivatives  of  the  compressions!  and  shear 

velocities,  (dV  /dP)  and  dV  /dP),  decrease  with  increase  in 
P 8 

Ti02  content  (Table  2;  Fig.  4);  the  variation  of  (dV^dP)  with 
composition  is  more  systematic.  There  is  a good  agreement 
between  McSkimin's  and  the  present  values  of  (dy/dP)  and  (dE/dP) 
for  fused  silica  and  the  Corning  Code  7971  glass  (Fig.  5).  As 
in  fused  silica,  the  values  of  (dK/dP),  (dy/dP),  and  (dE/dP)  in 
Si02-Ti02  glasses  are  negative  (anomalous)  and  become  increas- 
ingly negative  (more  anomalous  than  fused  silica)  with  increas- 
ing Ti02  content  (Table  2;  Fig  5).  Values  of  dy/dP  for  all  the 
glasses  are  negative  (anomalous).  This  parameter  becomes  more 
negative  with  increase  in  Ti02  content  up  to  ^5  wt  Z Ti02i  above 
which  it  becomes  less  negative  (Fig.  6).  The  anomalous  elastic 
behavior  under  pressure  in  fused  silica  has  been  explained  in 
terms  of  its  low  (near-zero)  thermal  expansion.  The  presence 
of  the  low-frequency  vibrational  modes  for  which  dw/dV  (where 
o)  is  frequency)  is  positive  [6].  The  presence  of  such  modes 
also  leads  to  an  explanation  for  ine  negative  thermal  expansion 
of  the  Si02-Ti02  glasses  [6].  The  negative  thermal  expansion 
in  Si02~Ti02  glasses  has  been  attributed  to  the  presence  of  the 
vibrational  modes  for  which  du)/dV  is  positive  [6],  and  this 
condition,  characteristic  of  open  structures,  leads  to  negative 
values  of  (dM/dP) , where  M is  any  modulus  [21].  It  then  appears 
that  the  addition  of  TiO,  causes  changes  in  the  vibrational 
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Fig.  5.  Composition  dependence  of  dE/dP, 
du/dP,  and  dK/dP  in  SiOj-TiOj  glasses. 

Open  triangles  are  McSkimin's  (unpub- 
lished) 1972  data;  solid  triangle  is 
superimpo8lt ion  of  the  present  and 
McSkimin's  data  for  dp/dP. 
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properties  of  such  modes  so  that  dui/dV  becomes  more  positive, 
leading  to  more  negative  thermal  expansion  and  more  anomalous 
elastic  behavior  under  pressure.  Thus,  the  more  negative 
values  of  dM/dP  with  increasing  TiC^  content  are  compatible 
with  the  thermal  expansion  data. 

Densif icatlon 

The  pressure-density  data  for  a solid  can  be  used  for  calcu- 
lating its  bulk  modulus,  Kq,  and  initial  pressure  derivative 

■ (3K/3P)pMo  through  the  Bi r ch-Murnaghan  equation  of  state  [24]: 

P - (3/2  Ko  {<po/p)7/3  - (Po/p)5/3){l  - £ t (P0/P) 2/3  - 1]}  (1) 

where  £ - 3(4  - K ) / 4 . Inversely,  if  K and  K*  are  known, 

o o o 

(p/pQ)  can  be  evaluated  as  a function  of  pressure. 

Using  eq.  (1)  and  the  data  for  fused  silica  and  the  SiC^- 
TiOj  glasses  containing  7.3  wt  7.  TiC^  (Table  2),  (p/p^)  was 
calculated  to  60  kbar  (Fig.  7).  As  seen,  the  glass  containing 
TiOj  shows  higher  densif ication  (p/po> . At  20  kbar  the  differ- 
ence between  (p/pQ)  ratios  would  be  'WX. 


Mode  Gruneisen  Parameters 


The  mode  Gruneisen  parameters  y^  are  evaluated  from  the 
pressure  dependence  of  acoustic  mode  velocity  V.: 


. . -i- 
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where  0 Is  the  isothermal  compressibility.  Assuming  only  the 
contributions  from  acoustic  mode,  the  high-  and  low-temperature 
limiting  values  of  the  Gruneisen  parameter,  and  y^-p*  can 

be  evaluated  from  (dV  /dP)  and  (dV  /dP)  using  the  known  rela- 

8 p 

tions  [22,23].  As  in  fused  silica,  the  yHj  values  for  all  the 
SiO^-TiO^  glasses  are  negative  (Fig.  8).  As  seen,  y^T  becomes 
more  negative  with  TiC>2  content. 

Temperature  Dependence  of  Elastic  Moduli 

The  temperature  and  composition  dependence  of  K,  p and 
E measured  to  300°C  are  shown  in  Figure  9.  The  temperature 
derivatives  of  the  moduli  (dM/dT)  are  positive  (anomalous)  and 
remain  the  same  in  the  temperature  range  of  the  investigation. 
The  values  of  (dM/dT)  decrease  with  increase  in  TiC^  content 
(Fig.  10).  That  is,  the  glasses  become  less  anomalous  in  the 
thermal  behavior,  in  contrast  to  the  more  anomalous  behavior 
under  pressure. 

The  contributions  to  total  change  in  modulus  M due  to 
temperature  effect  can  be  considered  as  intrinsic  and  extrinsic 
parts : 


(total)  (intrinsic)  (extrinsic) 

It  can  be  shown  that  the  measured  total  (dM/dT)  is  related  to 
the  measures  (3M/3P)^  : 


mmmm 
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Fig.  10.  Composition  dependence  of  the 
total  and  intrinsic  temperature  deriva- 
tives of  bulk  (K) , shear  (y)  , and 
Young's  (E)  moduli  of  SiOj-TiO^  glasses. 
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(total)  (Intrinsic)  (extrinsic) 

Using  the  data  of  Tables  1 and  2,  and  the  thermal  expan- 
sion coefficients  (6),  the  two  contributions  were  calculated 
(Table  3).  As  seen,  the  main  contributions  to  total  (dM/dT) 
are  from  the  intrinsic  effect  (see  al^o  Fig.  10). 


Summary  and  Conclusions 

The  density  and  elastic  parameters  of  the  SiOj-TKK  glasses 
studied  show  more  or  less  systematic  variation  with  composition. 

VpB  Vg,  p,  E,  K,  and  p decrease  more  or  less  linearly  with 
Increase  in  Ti02  content.  Poisson's  ratio  for  the  unannealed 
glasses  first  Increases  and  then  decreases  with  increase  in 
T102  content,  whereas  the  annealed  glasses  show  increasing 
values  of  0 in  a systematic  manner.  The  systematic  variations 
of  elastic  properties  indicate  that  the  coordination  number  of 
Ti^+  ions  remains  the  same  (4]  in  this  range  of  composition; 
this  1 8 in  agreement  with  earlier  studies. 

Annealing  causes  density  and  Vr  to  increase,  and  to 
decrease.  The  temperature-dependence  of  mouuli  is  mainly 
due  to  intrinsic  effect  for  these  glasses.  The  temperature 
derivatives  of  moduli  are  positive  and  anomalous,  and  become 
less  anomalous  with  increase  in  TiOj  content. 
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Pressure  and  Temperature  Dependence  of 
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Ultrasonic  Interferometry  was  used  to  measure  elastic-wave 
velocities  and  moduli  In  sis  Na,0-T10,-Sl0,  glasses;  three 
•lessee  contained  29  mo!%  TIO,  and  three  23  mol%  TIO,.  The 
elastic  moduli  and  their  pressure  derivatives  varied  systemati- 
cally with  the  SIO./Na.O  molar  ratio  nf  the  glasses.  In  the 
group  of  glasses  which  contained  20  mol%  TIO,,  dK/dP  (K- 
bulk  modulus)  decreased  linearly  from  4.33  to  2.31  as  the 
9I0,/Na,0  ratio  Increased;  In  the  other  group,  rIK/dP  de- 
creased from  t.N  to  1.93.  Similarly,  d»i/dP  ((i-  shear  modu- 
les) decreased  with  the  SIO,/Na,0  ratio,  hut  somewhat  non- 
linearly.  The  extrinsic  and  Intrinsic  contributions  to  the  tem- 
perature dependencies  of  the  elastic  moduli  are  evaluated  In 
light  of  the  measured  pressure  dependencies  of  these  moduli. 


I.  Introduction 

The  glass-forming  areas  of  the  ternary  system  Na,0-TI0>- 
SIO,  have  been  surveyed  by  Hamilton  and  Clock'  and 
by  Bayer  and  Hoffmann.'  Hamilton  and  Clcek1  and  Turnbull 
and  Lawrence.1  who  Investigated  the  effect  of  compositional 
variation  on  the  physical  and  optical  properties  of  the  Na,0- 
TKVSIO.  glasses,  found  that  their  densities  and  refractive 
Indices  Increased  with  Increasing  TIO,  content.  Various  In- 
vestigations of  the  effect  of  TIO,  content  on  the  thermal  ex- 
pansion, viscosity,  and  electrical  properties  of  Na.O-TIOi-SIO, 
glasses  have  been  summarized';  however,  no  study  of  their 
elastic  properties  has  been  reported.  U was  the  purpose  of 
the  present  work  to  report  the  elastic  properties  of  these 
glasses  and  to  Investigate  the  effects  of  glass  composition, 
pressure,  and  temperature  on  their  elastic  behavior. 

Physical  properties  of  silicate  glasses,  e g.  mechanical 
strength  and  elastic  moduli,  are,  In  general,  related  to  the 
density  of  the  SI-O-SI  bridges  In  the  random  network  structure 
of  glass.'-'  Addition  of  network-modifying  oxides  such  as  N*,0 
causes  a breakdown  of  some  of  the  bridges  and  formation  of 
the  relatively  weaker  Sl-O-Na  bridges  In  proportion  to  the 
amount  of  Na,0  added.  For  example,  It  has  been  pointed  ouf 
that  the  Young's  moduli  of  glasses  In  a simple  binary  Ni,0-SI0, 
system  decrease  systematically  with  Increasing  Na,0  content. 
The  role  of  network-modifying  Ions  of  high  field  strength,  e.g. 
Tl,  In  Increasing  the  moduli  of  silicate  glasses  has  also  been 
emphasized.'  The  effects  of  the  SKVNs.O  molar  ratio  and 
TIO,  content  on  the  elaatlc  properties  of  the  glasses  In  the 
Na>O-TI0,-SI0<  system  ar«  therefore  of  Interest. 

II.  Experimental  Methods 

Pulse-superpoiltlon  ultrasonic  Interferometry  was  used  to 
measure  the  compressions!  and  shear  velocities  and  thus  the 
elastic  moduli  of  six  glssses  to  7 kbars  and  300 *C.  The  veloc- 
ity-measuring technique*  wee  used  previously  In  studies  of 
the  elasticity  of  glasses  under  pressure."*  An  rf  pulse  le 
applied  to  the  trenaducer  which  Is  bonded  with  resin'  to  the 
specimen,  end  the  pulse  repetition  frequency  (/)  of  the  rf 
pulse  oscillator  Is  adjusted  to  cause  an  echo  within  a pedicular 
pulse-echo  train  to  coincide  with  an  earlier  echo  In  the  next 
treln,  resulting  In  maximum  intensity  of  the  echo  pulses. 
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Fig.  I.  Pressure-generating  system. 

Under  resonant  conditions,  / Is  equal  to  the  reciprocal  of  the 
round-trip  transit  time  ol  the  pulse  In  a specimen  of  length  1 
and  the  velocity  Is  calculated  from  V-21/. 

The  precision  of  the  basic  frequency  measurement*  Is  5s  I 
part  In  10*.  The  correction  for  the  phase  angle,  y.  which  Is 
associated  with  the  bond  between  the  transducer  and  the 
specimen  and  the  reflections  of  the  waves  at  the  transducer, 
Is  given'  by  y/380/;  y does  not  usually  exceed  1*  to  2°  for  a 
well-prepared  thin  bond.  The  error  In  the  velocity  values 
resulting  from  Ignoring  this  correction  st  ambient  and  high 
pressures,  as  was  done  In  the  present  study,  Is  believed  to 
be  <0.1%  In  the  range  Investlgeted.  The  moduli  reported 
are  estimated  to  be  accurate  to  within  ±0.3%  when  all  the 
other  overell  errors,  l e.  those  In  the  length  and  density 
measurements,  are  taken  Into  consideration. 

X-  and  Y-cut  quartz  transducers  of  30  MHz  natural  resonant 
frequency  were  used  to  generate  the  compressions!  and  shear 
waves  In  the  specimen.  A two-stegc  pressure-generating 
system1  ( Fig.  1 ) was  used  In  which  the  Initial  gas  pressure  of 
3:2000  pal  was  Intensified  to  40.000  pal  In  the  first  stage  end 
200,000  psl  In  the  second  stage.  Nitrogen  was  the  pressure 
medium.  Measurements  were  made  following  Increasing  and 
decreasing  pressure  cycles  to  100,000  psl  (=6.9  kbars).  An 
Interval  of  15  to  20  min  was  usually  allowed  between  the 
pressure  change  and  a pulse  repetition  frequency  (prf)  mea- 
surement. The  pressure  on  the  specimen  was  monitored  using 
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Table  I.  f.heniical  (<>ni|><>aitions  of  the  Na,()- 
TiO, -SIO,  Glaaaes 


QUaa 

OxU 



ConoUtuonlo 

No. 

No.  (lUt.  1) 

N.JO 

TiOi  * "" 

SiO, 

i 

El  966 

30.0 

20.0 

50.0 

2 

El  909 

25.0 

20.0 

55.0 

3 

El  990 

17.5 

20.0 

62.5 

4 

E201I 

27.5 

25.0 

47.5 

5 

E2010 

22.5 

25.0 

52.5 

6 

E1991 

17.5 

25.0 

57.5 

• 120-11  Manganln  coll  placed  liulde  the  vessel  and  a realatance 
bridge*;  the  coll  was  calibrated  for  pressure  with  a dead-weight 
tester*  to  60,000  pal.  Uncertainties  In  the  absolute  pressures 
measured  with  the  dead-weight  tester  are  estimated"  to  be 
<0  1%  at  60,000  pal.  Thus  the  reported  pressure  derivatives 
of  the  elastic  moduli  are  <±1%  In  error.  During  a prf 
measurement,  the  test  specimen  In  the  pressure  vessel  waj 
maintained  at  25*±0.I*C  by  constant-temperature  water  cir- 
culating In  coils  wound  around  the  vessel. 

The  temperature  dependence  of  the  elastic  moduli  of  these 
glasses  was  Investigated  to  300*C  by  using  a thermally  Insu- 
lated furnace  powered  by  a solid-state  temperature-control 
device.  A special  high-temperature  rubber  seal  was  used  to 
bond  the  transducer  to  the  specimen,  which  was  heated  at  a 
rate  of  ~2*C/mln.  Specimen  temperature  was  increased  In 
Intervals  of  srlO'C  and  maintained  to  ±0.1*C  during  prf 
measurements. 


Fig.  2.  Plots  of  (A)  shear  modulus  and  (R)  Young’s 
modulus  vs  SHVNs.O  ratio  in  Na.0-Tl0.-Si0,  glasses. 


III.  Specimens 

The  physical  properties  of  glass  specimens  from  the  same 
batch  aa  those  used  In  the  present  study*  were  reported  by 
Hamilton  and  Cleek';  their  compositions  ate  given  In  Table  1. 
All  the  specimens  were  heated  for  4 to  8 h at  a temperature 
~40’C  below  the  sag  point  and  cooled  at  2.5*C/h  to  350*C 
(see  Ref.  1). 

Investigation"  of  the  crystallization  behavior  of  glasses  In 
the  system  Ns.O-T!OrSIO,  has  shown  that  those  with  composi- 
tions similar  to  those  in  Table  I form  in  homogeneous  phases. 
Phase  separation  occurs  only  when  the  TIO,  content  Is  higher 
(>30  mol%)  and/or  the  SIO,  content  lower  < < 10  mol%). 
Variations  In  the  elastic  moduli,  measured  under  atmospheric 
conditions  In  three  mutually  perpendicular  directions  In  each 
of  the  six  specimens,  were  within  experimental  error,  thus 
characterizing  the  Isotropic  behavior  of  the  specimens. 


IV.  Discussion  of  Results 
( I ) Measurements  at  f Bar  and  25*C 
The  elastic  properties  of  the  glasses  measured  at  1 bar  and 
23*C  are  given  In  Table  11.  The  relations  between  these 


•Carey-Foster  bridge.  Harwood  Engineering  Co.,  Inc. 

*DWT  300,  Harwood  Engineering  Co.,  Inc. 

'Obtained  through  the  courtesy  of  G.  W.  Cleek,  National 
Bureau  of  Standards,  Washington,  D.  C. 


properties  and  chemical  composition  can  be  Interpreted  In 
terms  of  the  SitX/Na.0  ratio  or  in  terms  of  the  structural 
parameter  Y,  as  Introduced  by  Trsp  and  Stevels"  In  diw..««tnt 
SiOr  based  glasses  The  parameter  Y,  which  represents  the 
number  of  bridging  oxygen  ions/SiO.  tetrahedron.  Is  computed 
as  Y-B- 200/p,  where  p is  the  SiO,  content  (in  mo!%).  Thus, 
for  pure  SIO,  glass  Y-4;  It  decreases  as  network-modifying 
oxides  are  introduced.  In  the  present  case,  the  SlOSNuO 
ratio  and  Y parameter  (Table  II)  have  the  same  significance 
in  that  both  represent  a measure  of  the  number  of  Si-O-Sl 
bridges  and  (he  openness  of  the  structure.  For  glasses  wfth 
similar  TiO,  contents,  the  compressions!  and  shear  wave 
velocities  (v,  and  v.)  and  the  shear  and  Young’s  moduli  (s 
and  E)  increase  and  the  density  (?)  and  Poisson's  ratio  (•) 
decrease  with  increasing  SiCVNaX)  ratio  (and  Y).  These 
Increases  In  a and  E are  not  linear  (Fig.  2);  the  rate  of  In- 
crease is  greater  for  the  lower  SKVNa.0  ratios.  Figure  2 
also  shows  that  increasing  the  TiO,  content  Increases  the 
moduli;  further,  for  the  glasses  with  the  higher  TIO,  content 
the  effect  of  the  SKVNa^)  ratio  In  Increasing  the  moduli  la 
less.  The  relations  shown  In  Fig.  2 can  be  used  to  estimate  the 
moduli  of  glasses  of  intermediate  composition. 

The  bulk  modulus,  K,  varies  neither  as  appreciably  nor  as 
uniformly  as  the  other  moduli  with  the  Si<X/Ns^>  ratio.  Com- 
parison of  the  data  for  glasses  1 and  3 and  for  glasses  4 and  6 
shows  that  the  lower  the  SiOi/Na.0  ratio,  the  higher  the  bulk 
modulus  (and  the  lower  the  compressibility).  Similar  findings 


Table  If. 

Elastic  Properties  of  the  Ns 

.O-TlOrSiO, 

Glasses  at 

1 Bar  and 

25°C 

O 1 

[ 

RKVNbtO 

If# 

K 

M 

s 

No. 

moUr  r»Uo 

Y 

(fcm/a) 

<!□»/*) 

fkboio) 

(Umfw) 

(kbarv) 

m 

i 

1.67 

200 

2.749 

5.731 

3.315 

500.0 

302.1 

754.4 

0J249 

2 

2.22 

2.36 

2.740 

5.794 

3.386 

501.1 

314.1 

779.5 

.241 

3 

3.54 

2.80 

2.701 

5.895 

3.516 

493.9 

3.14.2 

818.0 

.224 

4 

1.73 

1.79 

2.611 

5.806 

3.353 

526.4 

315.9 

789.8 

.250 

5 

2.33 

2.19 

2.800 

5.906 

3.461 

529.5 

334.5 

830.7 

.239 

6 

3.28 

2.52 

2.771 

5.955 

3.526 

523.4 

344.5 

847.5 

.230 

Noie:  Y- structural  parameter,  (.-density,  v,  - compressions)  wave  velocity,  v, -shear  wave  velocity,  K-bulk  modulus, 

s- shear  modulus,  E- Young’s  modulus,  and  o- Poisson's  ratio. 
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25%  TIO,  (p  Indicate*  longitudinal  wave*  «.  »hrar  wave). 


were  reported  by  Weir  end  Shartala"  In  their  *tudy  of  alkali 
silicate  glasses.  The  explanation  for  the  decrease  in  com- 
pressibility with  decreasing  SKVNa.O  ratio  is  that  the  degree 
of  atomistic  void-space  in  the  glass  structure  diminishes  with 
the  introduction  of  Na,0. 

(X)  Measurements  Under  Pressure 

Plots  of  the  prf  ratio,  f/U  where  f and  (.  are  the  frequencies 
at  a given  pressure  and  at  I bar.  respectively,  vs  pressure  for 


the  lougliudinal  and  shear  modes  ol  wave  propagation  are 
shown  In  Fig  .1.  These  relations  exhibit  no  hysteresis,  indi- 
cating that  the  glasses  are  completely  clastic  in  this  pressure 
range  and  do  not  undergo  the  permanent  densiflcation  that 
may  occur  at  much  higher  pressures. 

(A)  I reunification  Dcnsification  of  silica  and  silicate 
glasses  under  pressure  has  been  the  subject  of  several 
studies  “ Bridgman  and  Simon"  reported  that  vitreous  SIO, 
undergoes  a permanent  densiflcation  of  7%  at  200  kbars  and 
that  no  observable  dcnsification  occurs  below  100  kbars, 
whereas  Cohen  and  Roy"  achieved  a 7%  densiflcation  of  SiO, 
glass  at  only  55  kbars.  The  threshold  pressure  and  the  rate  of 
increase  of  density  are  functions  of  glass  composition  and 
temperature  and  the  degree  of  the  nonhydrostatlc  nature  of  the 
applied  pressure.  It  has  also  been  pointed  out"  that  the 
shearing  effect  under  nonhydrostatlc  conditions  is  important 
in  densiflcation.  The  densiflcation  of  a silicate  glass  is  re- 
garded as  the  "folding  up"  of  Its  disordered  vitreous  structure, 
such  that  the  Sl-O  bond  angles  are  altered  without  apparent 
changes  in  the  tetrahedral  Si-0  distances.  Most  studies  of 
the  densiflcation  of  glasses  have  been  conducted  at  very  high 
pressures  " " 

In  situ  densiflcation  at  pressures  much  tower  than  the 
threshold  pressures,  in  the  pressure  range  In  which  the  be- 
havior of  the  glasses  is  completely  elastic,  can  be  studied 
precisely  using  ultrasonic  measurements.  The  specimen 
length  and  density  ratios  (I  I.  and  p/p,)  at  pressure  P are 
given  by”: 


(l/U)  m(p,/p)'/’m 


(D 


where  n is  the  coefficient  of  volumetric  thermal  expansion, 
y Is  the  Gruenelsen  parameter,  T is  the  temperature  (*K), 
and  B*»v,, (///,)’;  the  sere  subscripts  Indicate 
values  under  ambient  conditions  (1  bar  and  25*C).  Using 
Eq.  (I),  p/p,  at  pressures  to  x7  kbars  was  calculated  for  all 
the  glasses;  in  all  cases,  the  relation  between  p/p,  and  P waa 
linear.  The  p/p,  values  at  8.9  kbars  are  Hated  in  Table  III. 
The  glasses  with  the  higher  SIO,/Na,0  ratios  show  the  greater 
compreaslon  (i.e.  have  higher  p/p.  values),  and  thoae  with  U»e 
lower  TIO,  content  (glasses  1-3)  exhibit  a more  pronounced 
effect  of  Increasing  SIO,/Na.O  ratios  In  Increasing  compres- 
sion. 

(B)  Pressure  Derivatives  of  Elastic  Properties;  The 
velocities  (v,  and  v.)  and  the  elastic  moduli  at  a given  pres- 
sure  were  calculated  from  the  measured  prfs  for  the  com- 
pressions! and  shear  modes  (/,  and  /.): 

Compressions!  velocity,  v, -21/,. 

Shear  velocity,  v. -2((. 

Bulk  modulus,  K-e( v,’-V,v.*). 

Shear  modulus, 

Young's  modulus.  E— (9Kg)/(3K+g). 

Poisson's  ratio,  »—  I — (E/2p). 

The  pressure  derivatives  thus  determined  (Table  111)  are 
systematically  related  to  composition,  l a.  to  the  SIO./Na^> 
ratio.  The  relation  between  the  elastic-wave  velocities  (v, 
and  v.)  and  pressure  Is  shown  In  Fig.  4:  v,  Inc  res  act  with 
pressure  In  all  cases.  The  value  of  (dv./dP)  Is  positive  and 
decreases  with  increasing  SI0,/Na,0  ratio,  whereas  (dv,/d P) 


Table  III.  Pressure  Derivatives  of  the  Elastic  Properties  of  the  Na,Q-TIO,-SK>, 


Gl 


Mm 

No 

1 

2 

3 

4 

5 

6 


dv,/dP 

(km/*  Mb*«*l 

123) 
8.03 
169 
9 69 
8.70 
3 43 


di./dr 

•»*  fd* 

dp /dr 

iK/dV 

dc/dP 
t Mb«r«  M 

»/* 

lit  tt.9  khan) 

-0.20 
— 1.24 
-4.19 
-0.35 
-1.64 
-3  55 

_ 4 85 
3.5? 

2 59 
4.00 
3.64 

3 05 

" 0.53 
0.37 
-0  15 
0 51 
u29 
- n or, 

2.29 
1 76 
047 
203 
1.56 
0 73 

1.57 
1.34 
1.24 
1.19 
1 25 
1 29 

1.0130 

1.0132 

1.0136 

1.0125 

1.0126 
1.0128 
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is  negative  and  becomes  increasingly  negative  with  increasing 
SKVNa.O  ratio. 

For  all  the  glasses,  the  bulk  modulus  increases  with  pressure 
(Fig.  5(A));  this  behavior  is  normsl.  For  most  crystalline 
oxide  solids.  dK/dP  varies  from  4 to  6 at  pressures  near  zero; 
(or  the  glasses  Investigated,  dK/CP  varied  from  2.59  to  4.85. 
In  general.  dK/dP  decreases  linearly  with  Increasing 
Si(VNa.O  ratio  (Fig.  6(A)).  However,  the  relations  dearly 
differ  with  TiO«  content.  It  is  predicted  that  dK/dP  will  be 
zero  for  the  glass  with  20  mol%  TIO.  nnd  an  SiO.  'Na  O ratio 
of  22.9.  The  shear  modulus  decreases  with  pressure  for 
glasses  3 and  6 (which  have  the  maximum  SiO./NaO,  ratio) 
and  increases  with  pressure  for  the  other  glosses  (Fig  5(H) ). 
Further,  in  contrast  to  the  relation  between  dK/dP  and  the 
SHVNa.O  ratio,  which  Is  linear,  that  between  d,,/dP  and  the 
SUVNaiO  ratio  is  not  (Fig.  6(B)). 
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For  all  (he  glasses  studied.  dF./dP  ranges  from  2 29  to  0.47 
and  decreases  with  increasing  Si(VNaiO  ratio.  The  values  of 
dn/dP  are  positive  and  range  from  1.19  to  1.57/Mhar  (Fig. 
7). 

(.1)  tfniurrnrnl*  to  )IW*(  al  I flar 
The  temperature  dependence  of  clastic  moduli  is  a measure 
o(  changes  in  the  intrinsic  structure  of  a material  and  involves 
both  the  odd-  and  even-powered  term*  of  the  anharmonic 
expansion.  The  effects  of  temperature  on  the  elastic  proper- 
ties were  investigated  to  300"C.  The  variation  with  temper- 
ature, T.  of  any  modulus,  M,  is  given  by: 

5E-:(0‘  (t)-(ty  t <» 

The  length  ratio  (L/lr)  was  estimated  from  thermal  expan- 
sion data"  and  used  to  compute  the  elastic  moduli.  Figure  8 
and  Table  IV  show  the  temperature  dependencies  of  the  bulk 
and  shear  moduli.  The  dK  dT  and  d<i/dT  values  become  in- 
creasingly negative  with  Increasing  temperature  and,  lor  a 
given  temperature,  become  systematically  less  negative  with 
increasing  SiO-fNs-O  ralio.  This  result  is  obviously  related  to 
the  anomalous  tem|icralurc  behavior  of  vitreous  SiO,.  which  is 
known  to  exhibit  positive  dM/dT  values"'"  (dK/dT»0.lll 
kbars/’C;  d,i'dr-0  045  kbars  T).  Thus,  as  the  amount  of 
SiO,  in  the  comjiosition  of  NaOTiO,-SIO:  glasses  increases, 
dM/dT  becomes  less  negative  (more  positive).  The  relations 
between  dK/dT  and  dn  dl  and  lh>’  SiO.  Na  O ratio,  although 
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nonlinear,  can  be  uaed  to  predict  the  elastic  behavior  of  Na.O- 
TKVSIO,  glataea  under  various  temperature  conditions. 
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Fig.  8.  Temperature  depswidrnee  of  (A)  bulls  mod  sal  us 
and  (II)  shear  modulus  of  ISs,0-TIOi-SU),  glasses. 


The  total  temperature  derivative  of  an  elastic  modulua.  M. 
given  by  (dMdT)r.  is  related  to  the  Intrinsic  (temperature) 
and  extrinsic  (volume)  effects  by 

(S).-(5?).-(S). 

where  a is  the  coefficient  of  volumetric  thermal  expansion. 
Using  the  data  given  in  Tables  11  through  IV,  the  Intrinsic  and 
extrinsic  coefficients  in  Eq.  (3)  were  calculated  (Table  V). 
In  all  cases,  ( dKAfOr  is  negative  and  (dKA'T).  is  positive, 
implying  that  the  sign  of  ( dK/dT)r  is  governed  by  the  sign  of 
{iK/S P)r,  i.c.  that  the  observed  temperature  dependence  of 
K results  primarily  from  volume  change  (thermal  expansion). 
The  contribution  to  (dK/dT)s  of  the  intrinsic  (temperature) 
effect,  with  opposite  sign,  varies  from  1 to  %4't%  of  the  ob- 
served (dK/dTir.  In  the  cose  of  the  temperature  dependence 
of  /i,  the  main  contribution  to  (dg/dT)p  is  the  intrinsic  (tem- 
perature) effect;  very  small  contributions  result  from  volume 
change.  In  the  case  of  glasses  3 and  6,  which  have  higher 
Si0,/Na,0  ratios  than  tire  other  two  specimens  In  a series  of 
glasses  with  similar  TiO,  contents,  the  sign  of  the  contribution 
from  the  extrinsic  elfcrt  (volume  change)  is  opposite  to  that 


hjwjittt.  n.  ■+ 


SSI 


July  1972  Eltutic  Moduli  of  Naf)-TiO,-SiO,  Glasses 

Table  IV.  Temperature  Dependence  of  the  El— tic  Properties  of  N«.0>T10,-Si0t  Gla 


ato./N^o 

nwbr  ratio 


ex/tr 

Od»n/*C) 

<kb«»/*C> 

U/fT 

cc-ixup) 

| I 

-0.081 

-0.071 

1.7 

-M 

-0.070 

-0.051 

0.7 

-0.025 

-0.036 

1.3 

• -w 

-0.080 

-0.063 

1.0 

1 

-0.057 

-0.048 

0.9 

jf  "iS 

-0,035 

-0.038 

1.0 

r M 

Table  V.  Intrinsic  and  Extrinsic  Coefficients  for 
Eq. (3)* 


> 

Glam 

No. 

Mrawod 

<$), 

(kbora/*C) 

CtlcuUUd 

(kb*r*/*C) 

M«i«urwd 

■*(£), 

(klxn/'C) 

M-bulk  modulu«,  K 

\ 

1 

-0.081 

+0.0165  (A».4)l 

-0.0975  (120.4) 

) 

2 

-0.070 

+0.0013  (l.9)t 

-0.0713  (101.9) 

; 

3 

-0.025 

+ 0.0109  (43.6)t 

-0.0359  (143.6) 

4 

-0.080 

+ 0.0010  (1.3)1 

-0.0810  (101.3) 

5 

-0.057 

+0.0068  (11.9)> 

-0.0638  (111.9) 

i: 

6 

-0.035 

+0.0080  (22.9)* 

-0.0430  (122.9) 

J 

\ 

i 

i 

-0.071 

M-shaar  modulus,  p 

-0.0603  (84.9) 

-0.0107  1 

;i5.n 

; 

2 

-0.051 

-0.0442  ( 86.7) 

-0.0068  ( 

13.3) 

3 

-0.036 

-0.0381  (105.8) 

+0.0021  1 

5.8)1 

\ 

4 

-0.063 

-0.0527  83.7) 

-0.C103  ( 

T6.5) 

5 

-0.048 

-0.0429  ( 89.4) 

-0.0051  ( 

10.6) 

6 

-0.038 

-0.0388(102.1) 

+0.0008  ( 

!2.1)i 

•Contributions  to  total  effect  (in  %)  are  shown  in  paren- 
theses. 

'Sign  is  opposite  that  of  dM/dT. 


of  (dp/dT),  because  (dp/dP)T  in  these  cates  is  negative. 
When  the  temperature  variations  of  both  K and  p are  con- 
sidered (Table  V),  a tendency  of  the  extrinsic  effect  (volume 
change)  to  decrease  with  decreasing  SKVNaiO  ratio  is  noted. 


V.  Summary 

(1)  The  elastic  moduli  of  the  NaiO-TKh-SIO.  glasses  vary 
systematically  with  composition;  the  SKVNaiO  ratio  Is  the 
most  Important  factor.  A network-modifying  oxide  such  as 
TIOi  Increases  the  moduli  and  their  pressure  derivatives. 

(2)  The  NaiO-TlOrSiOt  glasses  studied  behave  as  normal 
crystalline  solids  under  pressure  and  temperature  except  for 
Nos.  3 and  6,  which  exhibit  negative  dp/dP  values.  This 
anomaly  is  related  to  the  vitreous  SIOi  content.  The  pressure 
and  temperature  derivatives  of  the  moduli  vary  systematically 
but  not  always  linearly  with  the  SIOi/Na.0  ratio.  These  rela- 
tions can  be  used  to  predict  the  elastic  behavior  of  glass  at 
moderately  high  pressures  and  temperatures. 

(3)  The  observed  effect  of  temperature  on  the  bulk  moduli 
of  the  glasses  Investigated  results  primarily  from  volume 
changes  associated  with  thermal  expansion.  The  temperature 
dependence  of  shear  moduli  of  these  glasses,  however,  is 
related  principally  to  the  intrinsic  (temperature)  effect. 
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The  infrared  absorption  spectra  of  crystalline  a-quartz. 
fused  silica,  and  I'yre.x  and  Vycor  ( Corning  (Hass 
Works)  g lasses  were  studied  at  pressures  up  to  SS‘8  kb. 

7 he  spectra  of  the  fused  silica  and  glasses  are  more 
simple  than  those  of  a-quartz,  and  their  three  main 
absorption  bands  appear  at  higher  frequencies  than  in 
the  case  of  a-quartz.  The  intertetrahedral  Si  stretching 
mode  at  ~800  cm  1 is  found  to  be  comparatively  more 
sensitive  to  pressure,  whereas  the  Intratetrahedral  SI-O 
stretching  mode  at  - 1 100  cm  1 is  less  affected  by 
pressure.  The  Griineisen  gammas  y<,  calculated  from  the 
pressure  dependence  of  the  Infrared  vibration  mode 
frequencies,  are  compared  with  the  yts  values  and  those 
deduced  from  the  pressure  dependences  of  the  elastic 
parameters.  The  negative  y values  are  discussed  In  terms 
of  the  anomalous  thermal  expansion  and  elastic  be- 
haviour of  glasses. 

Glass  is  a possible  material  for  the  hulls  of  undersea 
vehicles  Hnd,  therefore,  there  has  been  considerable 
interest  in  the  study  of  Its  structure  and  the  behaviour 
under  pressure.  Various  physical  tools  have  been  used 
to  characterise  the  glassy  state  and  to  elucidate  the 
structure;  one  of  these  is  vibrational  spectroscopy. 
Much  effort  has  already  been  devoted  to  the  infrared 
study  of  glasses  at  ambient  temperatures  and  pressures. 
Infrared  absorption  studies  have  been  mt.de  on  the 
crystalline  polymorphs  and  the  vitreous  forms  of 
SiOs  u-1*1  and  several  Raman  studies  <14-17>  have  also 
been  conducted  on  quartz  at  high  temperatures.  More 
recently  the  Raman  spectrum  of  a-quartz  was  studied 
under  pressure.*111  However,  the  infrared  absorption 
spectra  of  glasses  at  high  pressures  have  not  been 
investigated  to  any  great  extent.  *10' 

The  basic  structure  of  various  polymorphs  of  silica 
and  silicate  glasses  consists  of  SiOs  groups  in  which 
silicon  atoms  are  tetrahedrally  bound  to  four  oxygen 
atoms,  each  being  common  to  two  tetrahedra.  Thus, 
each  oxygen  atom  is  coordinated  to  two  silicon  atoms 
and  six  oxygen  atoms.  In  silica  based  glasses  the 

♦ Bawd  on  work  performed  under  the  mipice*  of  the  U.S,  Atomic 
Energy  CommUalon.  Supported  by  the  OUlce  of  Nevel 
contract  number!  N00014-67-A-0387-003,  NR032-5I3,  end  N000I4- 
67-A-O387-0OI2,  alao  NR  032-327  with  Univeralty  of  Hawaii. 

t Resident  Aitoclite  under  the  Faculty  Research  Par ticipat  on 
Program.  Permanent  Adtlre**:  Hawaii  Institute  of  C eophyi  c», 
University  of  Hawaii,  Honolulu.  Hawaii  Imtitute  of  Ocophyalcs. 
Contribution  No.  414, 

t Present  address:  U.S  Tobacco  Co.,  C hicugo,  llltnon 


arrangement  of  the  individual  Si04  tetrahedra  is 
repeated  in  a random  fashion.  The  infrared  spectra  of 
the  silicate  glusses  correspond  to  the  vibrations  of  the 
Si<)4  groups  are  and  characterised  by  at  least  three 
main  absorption  bands  at  ~ 1 100,  ~800,  and 
~460  cm1.  Lippincott  et  al.m  assigned  the  various 
absorptions  based  on  a Tt  symmetry:  the  high- 
frequency  absorption,  ~ 1 100  cm-1,  to  the  Si-O 
stretching  mode  corresponding  to  the  motion  of  silicon 
and  oxygen  atoms  in  opposite  directions  within  tetra- 
hedrn,  «~SiO->  «-Si;  the  intermediate  frequency 
absorption,  -800  cm1,  to  the  Si  stretching  mode  in 
which  Ihe  Si  stretches  between  tetrahedra,  4-SiOSI-*-; 
and  the  low  frequency  absorption,  —460  cm1,  to  the 
bending  modes  which  involve  a combination  or  the 
O-Si-O  bending  mode  within  the  tetrahedra,  and  the 
Si-O  Si  bending  mode  between  the  tetrahedra. 
Normally,  this  latter  absorption  appears  as  a broad 
band  in  the  infrared;  its  position  hat  been  evaluated  in 
terms  of  the  changes  which  occur  in  the  Si  -O-SI  angle 
between  tetrahedral  units  in  the  glasi  structure.*10*  011 
Anderson  k Dienes*”'  have  pointed  out  that  the  low 
frequency  Si-O-  Si  bending  vibration  it  responsible  for 
the  anomalous  behaviour  of  vitreous  silica  under 
pressure  (that  is  the  increase  in  compressibility  with 
pressure).  One  of  the  aims  of  this  study  was  to  investi- 
gate the  pressure  dependences  of  the  infrared  vibra- 
tional frequencies  for  a-quartz  and  the  silicate  glasses, 
and  to  correlate  the  results  in  terms  of  their  anomalous 
thermal  expansion  and  elastic  behaviour. 

Experimental 

Corning  Glass  Works  glasses  of  commercial  grade  were 
employed  in  this  study.  The  specimens  were  crushed  in 
a hall  mill,  and  finally  powdered  by  extensive  grinding 
in  an  agate  mortar. 

The  infrared  absorption  spectra  at  ambient  condi- 
tions were  obtained  by  use  of  a Beckman  1R-12 
spectrophotometer  and  the  KBr  pellet  method  was 
used. 

An  opposed  diamond  anvil  cell  linked  with  a 
Perkin -Elmer  No.  301  spectrophotometer  equipped 
with  a 6 x beam  condenser  was  used  to  obtain  the  low 
frequency  infrared  absorption  spectra  (<650  cm-1)  at 
high  pressure.  Studies  >650  cm-1  at  high  pressures 
were  made  with  a Beckman  IR-12  equipped  with  a 
6 x beam  condenser.  The  powdered  sample  was  loaded 
in  the  cell,  and  the  pressure  alternately  increased  and 
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Figure  I.  Infrared  spectra  of  a- quart  z ami  several 
glasses 


decreased  to  distribute  the  material  evenly  between  the 
anvils.  During  the  pressure  cycling  the  sample  was 
observed  under  a microscope.  A description  of  the 
pressure  cell  and  the  method  used  in  pressure  calibra- 
tion has  been  previously  reported. <a3>  a4> 


Results 

Infrared  spectra  of  a-quartz  anti  silicate  glasses 
The  material  a-quartz,  belongs  to  the  trigonal  system 
and  has  a Z)3  symmetry  with  3 SiCh  units  per  primitive 
unit  cell. 1261  Thus  a total  of  24  optical  modes  of  A i,  At. 
and  E species  arc  predicted 
I'  4A\{R)  F4 AMR)  F8 E(iR.  R) 
where  R and  IR  represent  the  Raman  and  infrared 
activity,  respectively.  The  infrared  spectrum  is 
observed  to  be  simpler  than  that  predicted  by  the 
selection  rules  using  the  Da  symmetry;  however,  some 
question  has  arisen  concerning  the  suitability  of 
assigning  the  spectrum  of  a-quartz  in  terms  of  a Da 
symmetry  as  five  A i polarised  Raman  active  bands  are 
observed  instead  of  the  four  predicted  by  the  selection 
rules. 

Figure  1 compares  the  infrared  spectra  of  the  three 
glasses  with  that  of  a-quartz.  As  can  be  seen,  the 
spectra  of  the  glasses  are  simpler  and  have  only  three 
main  absorption  bands,  whereas  a-quartz  shows 


Table  1.  Assignments  of  the  principal  vibrational 
frequencies  of  a-quartz,  fused  silica,  and  Vycor  and 
Pyrex  glasses 


Frequency  (cm  ')  In 


Vibrational 

Fused 

1 •, 
) ! 

mode 

a-quartz 

silica 

Fycor 

Pyrex 

i ? 

<5*1081  4*<5o810 

459 

475 

469 

471 

« ■ 

V4-*io*l-+ 

785  and  800 

815 

814 

812 

1 1] 

(doublet) 

V-4-* !()_*. 

1082 

1087 

1 100 

1095 

- 1 
. 7. 

V+-*IO+~*l 

1 168 

— 

— 

v»0 

- 

... 

1384 

1390 
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Figure  2.  Pressure  dependences  of  the  SI  stretching 
vibrations  in  a-quartz 


additional  absorptions  at  ~700  (k>)  and  ~ 1480  cmr1 
(m  to  w),  and  a doublet  is  observed  near  800  cm-1.  The 
observed  frequencies  of  the  major  bands  at  atmospheric 
pressure  are  given  in  Table  1 . The  three  main  charac- 
teristic absorptions  of  fused  silica  and  of  Vycor  and 
Pyrex  glasses  are  at  higher  frequencies  than  those  of 
a-quartz,  indicating  larger  force  constants  for  these 
vibrations. 


Pressure  dependences  of  the  infrared  vibrations 
a-quartz.  Table  2 and  Figure  2 present  the  pressure 


dependences  of  the  vibrational  frequencies  of  a-quartz. 
As  shown,  the  frequency  of  the  broad  Si-O  stretching 
band  at  ~ 1 080  cm-1  decreases  slightly  and  the 
shoulder  at  1 168  cm-1  shows  negligible  change  with 


875  850  '825  "800  775*  750  725  525  SU0  475  450  425'  400  375 

Frequency  (cm-1)  Frequency  (cm-1) 

Figure  3.  Pressure  dependence  In  fused  silica 

(a)  The  Si  stretching  vibration 

(b)  The  SiOSi  and  OSiO  bending  vibration! 
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>i<>0  K?s  KSO  X.’S  XM)  lU  75U  725  550  525  5(K)  475  450  475  41*) 

frequency  (cm1)  frequency  Inn  ') 


Figure  4.  Pressure  dependence  in  river  glass 

(a)  The  Si  streiching  vibration 

(b)  rite  SiOSi  anil  OSiO  bending  vibrations 

incrensing  pressure.  The  Si  stretching  frequencies  at 
■v  700-800  cm  1 and  the  mixed  bending  mode  at 
*■  460  cm  1 arc  relatively  more  sensitive  to  pressure 
and  have  positive  dependence.  The  frequency  of  the 
doublet  at  783  and  798  cm  1 increases  up  to  ~30  kb, 
at  which  pressure  it  disappears,  and  a single  broad 
band  appears.  The  latter  shows  little  pressure  depend- 
ence at  higher  pressures. 

Fused  silica.  Figure  3 and  Table  2 show  the  effects  of 
pressure  on  the  infrared  vibrations  of  fused  silica.  The 
frequency  of  the  mixed  bending  mode  in  fused  silica 
near  475  cm  1 decreases  with  increasing  pressure,  but 
that  of  the  Si  stretching  near  815  enr1  increases  and 
that  of  the  Si-0  stretching  mode  near  1090  cm  1 


frequency  (cm  't  frequency  tent  ') 


figure  5.  Pressure  dependence  in  Pyres  glass 
(x)  The  B O stretching  vibration 
<b)  The  SI  stretching  vibration 

shows  no  change,  within  experimental  error,  with 
increasing  pressure. 

Vycor  and  Pyrex  glasses.  Figures  4 and  5 and  Table  2 
show  the  effects  of  pressure  on  the  vibrational  fre- 
quencies of  Vycor  and  Pyrex  glasses.  The  frequency  of 
the  mixed  bending  mode  for  both  of  these  glasses  near 
469  cm  1 is  observed  to  be  independent  of  pressure. 
For  both  glasses,  which  contain  B»Os  (3%  in  Vycor 
and  13%  in  Pyrex)  the  B-O  stretching  mode  at 
«*•  1 385  cm  1 shifts  towards  higher  frequency.  The 
mode  at  ~ 1 100  cm1  decreases  in  frequency  with 
pressure  for  Vycor,  and  is  independent  of  pressure 
for  Pyrex.  For  both  glasses  the  Si  stretching  vibration 
increases  in  frequency  with  pressure. 


Table  2.  Effect  of  pressure  on  the  principal  vibrational  frequencies  of  crystalline  a-quartz,  fused  silica , and  Vycor 
and  Pvrex  glasses* 


Pressure 

Frequency  (i  »i  ') 
Si  O St 
O-Si-O 

SI 

SI 

SI-0 

BO 

(kb) 

bending 

slrrleliing 

stretching 

stretching 

stretching 

a-quartl 


0001 

459.1-2 

698  ±2 

783  ±2 

1082  1.3 

147 

460  1 2 

700  I;  2 

785  1 2 

108113 

29-4 

461  4 2 

702  i;2 

787  L2 

108113 

44  1 

46.1  f 2 

704  t2 

790.1  3 

108013 

58  8 

464  1 2 

707  t 2 

792  f 3 

1 078  -1 3 

Fused  silica 

0 001 

475  t 2 

8I5;13 

14-7 

472  t 2 

8181-3 

294 

472  1 2 

820  J 3 

44  1 

47|  ±2 

822  1. 3 

(split  at  461  5) 

58-8 

471  h 2 

825  (.3 

Vycor 

0001 

81413 

1 10013 

1 38413 

147 

81713 

1098  1 3 

1 38613 

29-4 

82013 

1096  1 3 

138713 

44-i 

823±3 

109513 

1390  1 3 

SI'S 

82713 

1093  1 3 

139213 

Pyrex 

0001 

81215 

13901  5 

14-7 

81515 

139215 

294 

81815 

139515 

44  1 

822-1  5 

14001  5 

51  8 

8284  5 

140515 

• Only  vibrations  showing  pressure  dependence  are  included. 
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Discussion 

Pressure  dependence  of  the  infrared  vibrations 

The  infrared  active  vibrations  studied  under  pressure 
may  be  considered  to  be  of  two  types,  a stretching  and 
a bending  type.  Among  the  stretching  types,  one  main 
absorption  band  near  1 100  cm  1 is  related  to  the  Si-O 
stretching  vibration  within  the  tetrahedron  (intra- 
tetrahcdral),  and  the  other  band  ncur  800  cm  1 is 


cate  that  the  compression  of  glass  takes  place  along 
network  chains,  thus  causing  the  tetrahedra  to  move 
closer  to  one  another.  This  effect  appears  to  follow 
the  order  Pyre*  > Vycor  > fused  silica  ~a-quartz,  and 
may  be  indicative  of  an  ordering  process  occurring  in 
these  glasses  under  pressure.  It  is  known  that  when  one 
adds  a modifier  such  as  Na20  to  quartz,  the  frequency 
of  the  v’hiosi  vibration  at  ~ 800  cm-1  is  decreased. <4>  To 
accommodate  the  sodium  ions  the  tetrahedra  must 


related  to  the  Si  stretching,  -t-SiOSi  »,  between  the  move  further  apart,  weakening  the  force  constants 

tetrahedra  (intertctrahcdral).  Among  the  bending  and  causing  a shift  to  lower  frequency.  The  effects  of 

types,  one  mode  is  related  to  the  Si-O  Si  bending  and  pressure  appear,  as  one  would  expect,  to  give  opposite 

the  other  to  O-Si-O  bending.  The  force  constant,/,,  results. 

related  to  the  intratctrahedral  Si  O stretching  type  The  bending  region,  manifested  by  the  broad  infra- 
vibration is  larger  than  that  of  either  of  the  two  bend-  red  absorption  near  460  cm' involves  motion  within 

ing  types,/*  and  fft.  One  would,  therefore,  expect  the  as  well  as  between  the  tetrahedral  groups,  i.e.  O-Si-O 

Si-O  bond  within  the  tetrahedron  to  be  comparatively  within  the  tetrahedra  and  Si-O-Si  linking  the  tetra- 

less  sensitive  to  pressure.  Similar  behaviour  of  this  hedra.  As  the  effect  of  pressure  on  the  former  mode 

stretching  vibration  towards  pressure  has  been  found  is  not  expected  to  be  very  large,  any  pressure  depend- 

for  other  compounds  involving  tetrahedral  structure,  ence  noted  for  this  frequency  primarily  reflects  the 

for  example,  sulphates  and  permanganates.***'  In  the  change  in  the  vibration  of  the  Si-O-Si  bending  bond 

ense  of  the  bending  vibration,  both  an  intcrmolccular  linking  the  tetrahedra.  Borclli  & Su*1'  as  well  as 

vibration,  <5Siosi  and  an  intramolecular  vibration,  other  workers  have  noted  that  the  corresponding 

dosio,  are  involved.  The  intermolccular  mode  involves  Si-O-Si  bending  force  constant,/?,  would  be  most 

)[i  a motion  of  the  atoms  during  the  vibration  which  is  affected  by  the  degree  of  disorder  in  glass  structure. 

5 ' pseudolattice-like  and  should  be  sensitive  to  pressure,  One  would,  therefore,  expect  to  find  some  interrelation 

and  the  intramolecular  mode  should  be  insensitive  to  among  the  three  following  parameters  of  glass  structure 

pressure.  In  a silicate  glass  the  pressure  dependences  the  degree  of  disorder,  the  bond  angle,  /?,  and  the 

of  the  intermolccular  vibrations  are  therefore  closely  molar  volume.  However,  because  of  the  overlap  of 

related  to  the  compressibility  of  the  glass  structure.  two  modes  occurring  at  ~460  cm-',  no  definite 

The  increase  in  frequency  indicates  a decrease  in  conclusions  can  be  drawn  at  this  time, 

volume  (increase  in  density)  of  the  glass  network,  and  a As  pressure  would  cause  Si-O-Si  bond  angles  in 
concurrent  increase  in  the  force  constant.  The  intra-  the  glass  structure  to  vary,  the  pressure  dependency  of 

tetrahedral  SiO  vibrations  are  insensitive  to  pressure,  the  vibrational  frequency  of  the  Si-O  -Si  bending  mode 

and  it  is  suggested  that  the  individual  Si04  tetrahedra  must  principally  reflect  u change  in  the  bond  angle,  fi. 

are  not  significantly  affected  by  pressure  up  to  the  In  the  present  study  the  authors  found  that  the 

pressures  used,  and  thus  the  compression  occurs  along  460  cm"1  mode  shifted  towards  higher  frequency  for 

the  network  whereby  the  tetrahedra  move  in  closer  to  a-quartz  (dvt/dP ~Q  Q9  un  */kb),  towards  lower  fre- 

one  another.  This  is  verified  by  the  results  which  show  quency  for  fused  silica  (dvi/dP=  — 0 07  cnH/kb),  and 

that  the  intermolccular  mode,  vsiost,  is  sensitive  to  remained  unchanged  for  Vycor  and  Pyrex  glasses  as 

pressure.  The  small  sensitivity  to  pressure  of  the  shown  in  Table  3.  These  differences  between  the 

absorption  at  460  cm-1  may  be  due  to  the  fact  that  both  findings  for  fused  silica  and  those  for  Vycor  and 

a mode  sensitive  to  pressure  (<5Siosi)  and  one  which  is  Pyrex  glasses  were  unexpected,  and  may  be  due  to  the 

not  sensitive  (<5osio)  are  found  beneath  the  broad  presence  of  boron  in  the  Vycor  and  Pyrex  glasses. 


envelope.  The  net  result  is  to  diminish  the  effect  of 

pressure.  Thermal  expansion  and  the  Griineisen  parameters 

It  is  of  interest  to  note  that  the  frequency  of  the  pused  sj|jca  and  pyrex  have  negative  thermal  expan- 

Si-O  stretching  vibration  a-quartz  decreases  with  sjon  coefficients,  av,  below  200K  but  these  are  reduced 

pressure  (dvt/dP^  —0  07  enr'/kb)  as  given  in  Table  3.  by  nctwork  filling  agents  such  as  BjOa,  AI2O3,  or 

However,  frequency  changes  with  pressure  could  not  Na2o.<2,>  ln  order  to  explain  negative  coefficients  of 

be  ascertained,  within  the  experimental  error,  for  fused  thermal  expansion  it  has  been  suggested  that  the  low 

silica  and  the  Vycor  and  Pyrex  glasses.  frequency  transverse  vibration  of  the  oxygen  atom  in 

The  Si  stretching  vibrations  in  a-quartz  are  repre-  the  si-O-Si  network,  which  would  be  most  easily 

sented  by  absorption  bands  at  698,  783,  and  800  cm1,  excited  at  low  temperatures,  causes  the  lattice  to 

the  latter  two  forming  a doublet  which  disappears  at  contract.*28'  **> 

pressures  above  30  kb  as  shown  in  Figure  2.  Corre-  v0|ume  coefficient  of  thermal  expansion,  av,  is 

sponding  Si  stretching  vibrational  frequencies  in  fused  related  through  lattice  dynamics  to  specific  heat  at 

silica  and  Vycor  and  Pyrex  glasses  at  zero  pressure  are  constant  pressure.  Cp,  the  adiabatic  bulk  modulus, 

815,  814,  and  812  cm-',  respectively.  In  ail  cases,  there  amJ  ,h(;  dcnsity  ,} 

is  a systematic  increase  in  the  Si  stretching  frequencies 

with  pressure,  the  largest  increase  being  in  the  case  of  ^ ..  ( (I) 

Pyrex  glass  {dvtldP  OTl  cm  '/kb).  The  results  indi-  K, 
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Table  3.  Crunchen  parameters  calculated  for  the  various  glasses 


Mode 

V| 

dv,ldP 

X 

Calculated 

(cm  ') 

(cm  >lkh) 

(kb  ')■»»•  »> 

yt 

a-quartj 

<5»iom  + 4omo 

459 

009 

0 0026738 

007 

698 

015 

008 

Wmon 

783 

0 14 

007 

V+-UO-*  ♦-*< 

800 

1082 

no  shift 
-007 

-002 

81(14-81 

1 168 

no  thifl 

— 

Fused  silica 

AmoM  * ^ONIfl 

475 

-007 

0 003021 1 

-005 

v*  mom  * 

SIS 

0 17 

007 

w *i»  asm 

1095 

no  thifl 

Vycor 

4-4om<> 

469 

no  ithifl 

0 0038183 



V4-mo«t -•* 

814 

022 

007 

vu-mo-*  4~m 

1095 

no  shift 

— 

vho 

1 384 

0 14 

003 

Pyrex 

tJmom  f (5omo 

471 

no  shift!  7) 

0 002887 

812 

0 27 

012 

Va-gio— ♦ 4-m 

1095 

no  shift 

_ 

VBo 

1 390 

0 26 

006 

The  y»h  term  derived  from  otv  measurements  is,  in  turn, 
related  to  the  average  of  the  volume  dependences  of 
the  acoustic  and  optical  mode  frequencies,  w.  weighted 
by  the  contribution,  CP„  that  each  vibrational  mode 
makes  to  the  total  specific  heat,  Cv, 


where  the  Griineisen  parameter,  y<,  is  determined  by 


din  vt  Kr  M'<\ 

dinV~  v,  \dPfr 


(3) 


where,  Kt , is  the  isothermal  bulk  modulus. 

The  two  limiting  values  of  ym  (high  temperature 
gamma,  yur,  and  low  temperature  gamma,  y/,r)  can 
also  be  calculated  from  the  pressure  derivatives  of  the 
elastic  parameters,*301  assuming  that  only  the  acoustical 
modes  contribute  to  y 


y»T  = (Yp  4 2y,)/3 


_ (p./o»)!ly>4  2y» 

nr  2+{tilvpi* 


(4) 

(5) 


where 


y.  = l/3+Kr(i>lnv,/dP)T  (6) 

and 


yP  - 1/3  |-Kr(3/«Vp/0P)r . 


(7) 


Table  4.  Values  of  the  Griineisen  parameters  for  *- 
quartz,  fused  quartz,  and  Vycor  and  Pyrex  glasses 

Yih  fur  Yt.r 


a-quartz 

0 69* 

2 40 

2 32 

Fused  quartz 

004 

Vycor 

004 

180 

1 80 

Pyrex 

0 22 

1 SI 

t 80 

* From  Reference  it. 


Here  yP  and  y,  are  the  gamma  contributions  due  to 
compressional  and  shear  wave  propagation  and  vp  and 
v,  represent  compressional  and  shear  velocities. 

One  of  the  unique  aspects  of  glasses,  fused  silica  in 
particular,  is  that  the  low  temperature  Cp  is  significantly 
greater  than  that  calculated  from  the  Debye  theory 
and  elastic  modulus  data.  This  is  presumed  to  arise 
from  the  optical  modes  which  arc  of  lower  frequency 
than  the  acoustic  modes  but  which,  nevertheless, 
produce  a large  contribution  to  low  temperature  Cp. 
There  is,  however,  no  direct  evidence  that  optical 
frequencies  are  excited  at  such  low  temperatures. 

Another  unique  characteristic  of  silica  glasses  is  that 
their  acoustical  frequencies,  as  represented  by  the 
velocities  of  ultrasonic  waves,  decrease  with  hydro- 
static pressure  in  both  the  transverse  and  the  longi- 
tudinal modes.  If  one  attempts  to  calculate  the  average 
y from  the  acoustical  y,  and  yp  based  on  the  volume 
dependence  of  the  room  temperature  acoustic  velo- 
cities as  shown  in  Equations  4-7,  it  is  found  that  the 
calculated  high  temperature  liniting  value,  y« t.  is 
considerably  smaller  than  the,  ytn,  obtained  from  the 
xV,  measurements  at  298K  for  all  glasses  considered 
in  the  present  paper.  A comparison  of  the  y»  and  ywr 
values  for  all  three  glasses  is  shown  in  Table  4.  The 
ynr  values  are  alt  in  the  range  of  —2  whereas  the  ym 
for  fused  silica  and  Vycor  at  298K.  are  slightly  positive 
and  the  Pyrex  ytb  is  about  -f  0 2.  The  conclusion  from 
these  calculations  is  that  the  optical  y<  must  contribute 
a major  part  to  ytn  at  room  temperatures  and  that  the 
average  optical  mode,  y<,  is  slightly  positive  for  fused 
silica  and  Vycor  glass  and  clearly  positive  for  Pyrex 
glass.  These  conclusions  are  in  good  agreement  with 
the  values  of  the  optical,  y<,  obtained  from  the  present 
work  and  listed  in  Table  3. 

As  the  present  work  and  the  measurement  of  the 
pressure  derivatives  of  the  ultrasonic  velocities*82>  were 
both  carried  out  at  room  temperatures,  the  authors 
cannot  make  a direct  contribution  towards  explaining 
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the  negative  yth,  in  the  silica  glasses  at  lower  tempera- 
tures. One  conceivable  model  is  that  the  freezing  out 
of  the  optic  modes  with  decreasing  temperature 
increases  the  influence  of  the  acoustic  mode,  y<’s,  and 
thus  reduces,  yth,  to  negative  values.  This  explanation 
presumes,  then,  that  optical  modes  become  less 
important  below  200K  and  that  they  are  then  probably 
not  responsible  for  the  excess  Cp.  Measurements  of  the 
acoustic  and  optical  mode,  y<’s,  at  low  temperatures 
would  be  of  great  value  in  understanding  the  unique 
thermal  properties  of  silica  glasses. 
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Infrared  ahwrption  «prclr<  of  12  tndltim  vilicate  |I,mm  of  varying  compoalllon  (10  In  4J  mole%  Na.O)  are  eaamlnnf 
at  varying  prmurn  In  Ig.g  khar.  The  pmnur  dependence*  of  all  Ihe  Infrared  abvnrplion  frequencies  studied  are  found 
to  be  povlllve  CrUnelten  y'«  are  evaluated  from  the  preature  dependence  of  Ihe  Infrared  vihtaiiona  and  tiaelk  peramelera. 

The  reaulla  are  compared  with  those  ohtalned  from  previoue  higtipreaaure  aludiea  of  n querti  and  several  other  ailhcate 
glasses 


INTRODUCTION 

Physical  properties  surb  hb  clastic  moduli  and  mechanl* 
cal  strength  o(  silicate  glasses  are  related  to  the  density 
of  the  81-O-Sl  bridges  In  the  random -network  structure 
of  glasses.*  The  addition  of  Na,0  as  a network  modifier 
causes  a breakdown  of  some  of  the  81-O-Si  bridges  and 
the  formation  of  weaker  Si-O-Na  bridges  and  some 
terminal  31 -O  bonds— In  proportion  to  the  amount  of 
toa,0  added.  Further,  some  of  the  Si-O-Sl  bridges  be- 
tween the  SlO,  tetrahedra  may  be  stretched  to  accommo- 
date the  sodium  Ion  In  the  network.  As  a result,  the 
elastic  moduli  and  strength  of  Na,O-S10t  glasses  de- 
crease with  an  Increase  In  the  Na,0  content. 1,1 

Several  Infrared  Investigations  have  been  conducted  on 
sodium  silicate  glasses.’"*  Hanna  and  co -workers’1* 
have  examined  the  Infrared  absorption  spectra  from 
2500  to  50  cm*1  at  ambient  pressure,  and  others’"’  have 
Investigated  the  infrared  reflectance  spectra  of  the 
glasses.  However,  the  pressure  dependence  of  the  In- 
frared spectra  of  such  glasses  has  not  been  Investigated. 
This  paper  reports  on  a high-pressure  study  of  the  In- 
frared spectra  of  12  sodium  silicate  glasses  from  1800 
to  80  cm"'.  The  mode  Grtlneisen  parameters,  y„  are 
calculated  from  the  pressure  dependence  of  all  of  the 
Infrared  vibration  mode  frequencies  examined,  and  the 
values  compared  with  the  high -temperature  limit  of  ?,», 
yBT  arrived  at  from  the  pressure  coefficients  of  the 
elastic  parameters.  The  results  are  correlated  with 
previous  pressure  studies  on  or -quart*  and  several  other 
silicate  glasses. 10 


HIG  Contribution  No. 


EXPERIMENTAL  METHODS 

Eight  sodium  silicate  glasses  (K  nomenclature)  from  the 
National  Bureau  of  Standards  and  four  (JRS  nomencla- 
ture) from  Sweet  and  White*  at  Pennsylvania  Btate 
University  were  used  In  this  study.  Table  1 lists  the 
chemical  composition  of  the  glasses  In  mole%. 

The  specimens  were  crushed  In  a ball  mill  finely  pow- 
dered by  extensive  grinding  In  an  agate  mortar.  The 
midlnfrared  absorption  spectra  at  ambient  conditions 
were  obtained  using  KBr  pellets  and  employing  a Beck- 
man 1R-12  spectrophotometer.  The  spectra  from  850  to 
80  cm'*  were  obtained  with  polyethylene  pellets  using  a 
Perkin -Elmer  Model  No.  301  spectrophotometer.  The 
region  from  166  to  80  cm-*  was  also  checked  with  heavy 
concentrations  of  the  glasses  In  Nujol.  The  instruments 
were  calibrated  In  the  midlnfrared  region  with  polysty- 
rene film;  and  at  frequencies  <850  cm"1  with  water 
vapor,  the  Hg  emission  lines  and  with  low-frequency 
absorptions  of  solid  HgO. 

For  the  high-pressure  measurements  In  regions  of  333 
to  80  cm-1  we  used  an  opposed  diamond  cell  linked  with 
the  Perktn-Elmer  No.  301  spectrophotometer  equipped 
with  a 6 x beam  condenser. 11  Midlnfrared  studies  at  high 
pressures  were  made  with  a Beckman  1R-12  spectropho- 
tometer equipped  with  a 8 x beam  condenser.  “ The  pow- 
dored  sample  was  loaded  In  the  cell,  and  the  pressure 
alternately  Increased  and  decreased  to  distribute  the 
material  evenly  between  the  anvils.  During  the  pressure 
cycling,  the  sample  was  observed  with  a microscope.  A 
description  of  the  pressure  cell  and  the  method  used  In 
pressure  calibration  has  been  previously  reported.  “"*’ 
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TABLE  I.  rumpoaltlim  o(  NajO-HIO,  glaaauH. 


Sample  No. 

SiO, 

mold  T 

NajO 

Ratio 
810, /N  11,0 

K-110 

v> 

10 

0.0 

K-lll 

16 

5.7 

K-112 

80 

20 

4.0 

K-ll.'l 

?ii 

26 

3.0 

K-114 

70 

:io 

2.3 

K-115 

Of) 

35 

1.9 

K-116 

60 

40 

1.6 

K-117 

56 

46 

1.2 

JRS-2 

66.8 

33.  1 

2.0 

JR8-3 

64.  S 

36.  5 

1.6 

JRS-t 

60.4 

39.6 

1.5 

JRS-S 

72.8 

27.6 

2.6 

TABLE  U.  Sodium  silicate  glasses.  Observed  Infrared  absorp- 
tions at  ambient  pressure  (cm**).  Abbreviations:  s- strong; 
m - medium;  v very;  b-- broad;  w«  weak 


RESULTS  AND  DISCUSSION 

A.  Infrared  absorption  spactra  at  varying  pratturat 

Table  II  lists  the  Infrared  absorption  bands  at  ambient 
pressure  (or  the  sodium  silicate  glasses  under  study, 
and  Fig.  1 displays  several  typical  spectra.  Figure  2 
Illustrates  the  effects  of  adding  Na,0  to  silica  on  the 
various  absorptions  between  MOO— 350  cm*1.  The  In- 
creasing content  of  Na,0  causes  a decrease  in  frequency 
of  the  three  absorptions  at  -1100,  -960,  and  -790  cm"1, 
and  an  increaso  for  the  -460-cm*1  absorption.  It  Is  of 
Interest  to  note  that  as  the  Na,0  content  increases,  the 
-790 -cm"1  band  shifts  toward  a lower  frequency  than 
that  found  in  a -quartz,  and  the  intensity  is  considerably 
reduced.  Since  the  number  of  Sl-O-Si  bridging  units  In 
the  network  decreases  with  an  Increase  In  the  Na,0  con- 
tent, It  Is  expected  that  a decrease  in  intensity  of  this 
absorption  would  also  occur.  The  low-frequency  shift  of 
the  remaining  Sl-O-Sl  bridging  units  is  consistent  with 
a stretching  of  the  Si-O  bond  as  Na,0  enters  the  network. 
The  ambient-pressure  results  are  substantially  in 
agreement  with  the  reflectance  work  of  Sweet  and  White* 
and  the  absorption  studies  of  Hanna  and  Su.*«* 

Although  it  is  recognized  that  it  may  be  incorrect  to 
characterize  an  absorption  band  by  a particular  type  of 
vibration  in  an  amorphous  material  such  as  glass, 11  we 
find  It  convenient  for  purposes  of  the  discussion  in  this 
paper  to  indicate  that  the  four  modes  of  vibration  on 
interest  may  Involve  the  following  motions: 

(a)  -1100  cm"1,  Si-O  stretching  within  the  tetrahedral** ‘* 

(b)  -960  cm'*,  Sl-O  terminal,  nonbridged  stretching;* 

(c)  -790  cm*‘,  81-O-Si  bridged  stretching  between  tetra- 
hedra;  (d)  -400-cm'1,  bending  modes  Involving  Sl-O-Sl 
and  O-Sl-O.  It  should  be  emphasized  that  more  definitive 
assignments  for  fused  and  crystalline  silica  have  not 
been  made.  ***“■"  ** 

Under  conditions  of  our  experiments  no  significant  ab- 
sorptions were  found  lower  than  the  broad  band  at  -460 
cm*1.  Our  measurements  were  carried  out  to  80  cm*1. 
The  pressure  experiment  is  essentially  a thin -film  mea- 
surement, and  under  these  conditions  the  glasses  ap- 
peared to  be  transparent.  When  the  glasses  were  mea- 
sured In  the  far-infrared  region  as  thick  glasses,  some 
weak  absorptions  were  noted. 


Ola  as 
(mole  3 
Na,0) 

V 

a qiinrtr.(O) 

10821  va)* 

783<m) 

800(m) 

459(a) 

Fuaod 

nllicn(O) 

1087(va) 

8151m) 

475(a) 

(10) 

1085*(va,b) 

7871  m) 

460(a) 

(15) 

1075‘tva,  b) 

785(m) 

461(a) 

(20) 

10651  va.b) 

96«ah) 

?75(m) 

462(a) 

(25) 

1065(v») 

975(va) 

765(m) 

462(e) 

(27.5) 

1075(va) 

9601  va) 

78Wm) 

458(e) 

(30) 

1070(vs) 

900(ve) 

760(m) 

460(a) 

(33.1) 

107Vvs) 

94<Xva) 

760(m) 

460(a) 

(35) 

1070(vs) 

940(va) 

755(m) 

458(a) 

(35.5) 

10751  va) 

9401  va) 

760<w) 

458(b) 

(39.6) 

1060(va) 

930(va> 

7451 w) 

461(a) 

(40) 

10601  vs) 

9351 vs) 

750(w) 

460(a) 

(45) 

1040(vs) 

935<vs) 

7301 w) 

466(a) 

‘Asymmetric  on  high-  and  low-frequency  tides  of  band. 
‘Very  wsak  shoulder  980  cm*4,  1220  cm*4. 


Table  111  presents  the  pressure  dependence  for  the  four 
main  vibration  modes,  in  terms  of  dv,/dP,  for  the 
sodium  silicate  glasses.  It  is  observed  that  dv,/dP 
values  for  all  the  absorption  bonds  are  higher  than  those 
for  n-quartz  and  other  silicate  glasses. 10  Figure  3 pre- 
sents typical  Infrared  spectra  (sample  K-116)  under 
high  pressures.  With  an  increase  In  pressure,  frequen- 
cies of  the  three  bands  shift  toward  higher  frequencies. 


1400 


1200 


SOO 

V 


HO.  1.  Spectra  (1400—360  cm*4)  of  several  sodium  glasses  at 
varying  concentrations  of  SlO,/Na^>  at  ambient  presaure. 
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ABSORPTION  SPECTRA  OF  GLASSES 


Molt  % cj«0, 

0O_ V) 

y Futtd  SiOt 

* / >ouuja.. 


fu»td 


800 


Fattd  SiQ* 


r.O 

Mol#  % Nn^O 


Kit).  <J.  (A)  pint  of  tMruhrdrn  Sl<>  Mrrtrhln#  vibration  vh 
muto'T  of  Niuf>.  (IU  Plot  of  tfrminal  SU>  *»ln*irhb»n  vlbriition 
vh  molt»T  of  Na*0.  <(*)  Plot  of  SIOSI  nt  n*tf*hinK  vibration  va 
mole'i  of  Nit)0.  ( l»  Plot  of  bowling  vibratlonn  vh  mok‘T  of 
N14O. 


In  pressure  studies  made  on  «-quartz,  (used  silica, 
Vycor,  and  Pyrex  glasses,  the  psoudolaUicclike  SI 
stretching  mode  at  -800  cm'1  was  found  to  bo  most 
pressure  dependent. 10  For  the  sodium  silicate  glasses, 
all  of  the  vibration  modes  studied  are  pressure  sensi- 
tive, especially  the  tetrahedral  Si-Q  stretching  (-1100 
cm'1)  and  the  bridging  Sl-O-Sl  stretching  (-790  cm'1) 
modes,  and  the  terminal  Si-O  stretching  (-980  cm'1) 
mode.  The  effect  of  Na,0  on  dvJdP  appears  to  be 
greater  than  the  effect  of  B,0,  on  dvJdP  In  Vycor  and 
Pyrex  glasses.  Differences  between  the  effects  of  8,0, 
and  Na,0  on  dvJdP  in  silicate  glasses  are  not  unex- 
pected since  BaO,  la  a glass  former  and  strengthens  the 
glass  (e.g. , elastic  moduli  Increase  as  8,0,  In- 
creases), *'*  whereas  Na.,,0  Is  a glass  modifier  and  weak- 
ens the  glass. 

The  mode  Grllnelsen  y,  y,,  in  Table  III  are  evaluated 
from  the  relation 


K,(dv A 


Contrary  to  what  was  found  for  o-quartz  and  other  sili- 
cate glasses, 10  even  the  modes  Involving  the  motions  of 
the  atoms  within  the  SIO,  tetrahedra  In  the  sodium  sili- 
cate glasses  are  significantly  pressure  sensitive.  Thus, 
with  an  increase  in  pressure,  the  sodium  silicate 
glasses  demonstrate  compression  along  the  lntertetra- 
hedral  linkages,  but  In  addition  some  distortions  of  the 
individual  tetrahedra’"  must  occur.  This  difference  from 
a -quartz  and  related  nonmodifled  silicate  glasses  must 
relate  to  the  Insertion  of  the  modifying  sodium  ions  In 
the  interstices  of  the  glasses. 

B.  Thermal  expansion  and  the  GrUneiten  parameters 

The  observed  negative  thermal  expansion  coefficients, 

<r„,  at  T < 20011  for  fused  silica  and  Pyrex  and  the 
effects  of  diminishing  this  anomaly  by  the  addition  of  a 
network  filling  agent  such  as  Na,0  Is  of  considerable 
Interest.  ,1,,<  The  coefficient,  <r,„  is  related  to  y,h 
through  the  relation 

>;tti  (2) 

where(^>is  the  n^fi&n&eTufk  modulus,  p and  are 
density  and  specific  heal  at  constant  volume.  y,„  Is  also 
related  to  y,  and  (V  by  the  relationship 


where  Kr  Is  the  Isothermal  bulk  modulus. 

Whenever  comparisons  are  possible,  the  sodium  silicate 
glasses  demonstrate  yt  values  which  are  higher  than 
those  calculated  for  or -quartz  and  other  silicate  glass- 
es, 10  and  In  every  case  are  positive.  The  ar -quartz 
and  fused  silica  glass  demonstrate  negative  y,  values  (or 
some  modes  and  also  show  anomalous  thermal  expansion 
and  elastic  behavior.  ,0‘1*  The  positive  y,  values  for  the 
sodium  silicate  glasses  are  consistent  with  the  effects 
of  network  filling  agents  such  as  NatO  in  diminishing 
these  anomalies.10  The  higher  Ionic  character  ot  the 
sodium  Bllicate  glasses  Is  also  contributory  to  the  higher 
sensitivity  to  pressure  as  opposed  to  the  pure  silicate 
glasses  or  those  Incorporating  the  more  covalent  boron 
atoms  into  the  glass  framework. >,tM1 


y)h  £v.s/&cv 


TABLE  III.  Mode  GrUneJson  parameters  calculated  for  various 
sodium  Hllicate  glasses. 


(liana 
(mole  % 
Na,0) 

•V 

(cm-1) 

dvt/<ip 
(cm'1  Abar) 

(klmr-'l 

Calculated 

Yl 

a-quartz(O) 

783  800 

0. 14 

0.00267 

0.07 

Fused 

815 

0.17 

0.00302 

0.07 

slllca(O) 

VycortO) 

814 

0.22 

0.00382 

0.07 

Pyrex!  4) 

812 

0.27 

0.002  89 

0.12 

(10) 

787 

0.64 

0.00295 

0.28 

(25) 

765 

0.50 

0.00270 

0.24 

(35) 

755 

0.48 

0.002  52 

0.26 

(35.5) 

760 

0.50 

0.002  53 

0.26 

(40) 

750 

0.60 

0.002  51 

0.27 

(451 

730 

0.56 

0.002  32 

0.33 

a-quartz(O) 

1082 

-0.07 

0.00267 

-0.02 

(10) 

1085 

0.46 

0.00206 

0.14 

(25) 

1065 

0.45 

0.002  70 

0.16 

(35) 

1070 

0.48 

0.002  62 

0.18 

(35.5) 

1076 

0.50 

0.002  53 

0. 18 

(40) 

1060 

0.42 

0.00261 

0.16 

(45) 

1040 

0.42 

0.002  32 

0.17 

(25) 

875 

0.45 

0.002  67 

0.17 

(35) 

840 

0.35 

0.002  52 

0.15 

(35.5) 

840 

0.60 

0.002 53 

0.21 

(40) 

835 

0.40 

0.002  51 

0.17 

(45) 

835 

0.45 

0.002 32 

0.21 

a-quartz(O) 

458 

0.09 

0.002  67 

0,07 

Fused 

475 

-0.07 

0.00302 

-0.06 

sllica(0) 

(10) 

460 

0.19 

0.00295 

0.14 

(25) 

462 

0.13 

0.00270 

0.10 

(35) 

458 

0.16 

0.002 52 

0.14 

(35.5) 

456 

0.21 

0.002  53 

0.18 

(40) 

460 

0.13 

0.00251 

0.11 

(45) 

468 

0.19 

0.002  32 

0. 18 
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FIO.  3.  Spectra  of  the  K-l  16  glass  at  varying  pressures  from 
1200-700  cm"1. 


where  y,  la  defined  by  Eq.  <1)  and  C,  is  the  specific  - 
heat  contribution  tor  each  vibrational!  mode  to  the  total 
Einstein  specific  heat. 

Since  the  thermal  expansion  data  were  obtained  at  room 
temporature  and  above,  we  will  consider  only  the  hlgh- 
temperature  limit  of  ?(k  designated  as  yRT.  yHT  may  be 
calculated  from  the  pressure  derivatives  of  the  elastic 
parameters,  assuming  only  the  acoustic  modes  contri- 
buting to  y; 
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Here  y,  and  y,  are  the  y contributions  to  the  compres- 
slonal  and  shear -wave  propagation,  and  vp  and  #;,  repre- 
sent, respectively,  compressional  and  shear  acoustic 
wave  velocities.’*1’' 


Table  IV  shows  a comparison  of  ytll  and  yHT  for  the  sodi- 
um silicate  glasses  at  208 TC.  The  values  for  o-quartz, 
fused  silica,  Vycor,  and  Pyrcx  are  also  included.  We 
have  no  ready  explanation  for  the  observed  differences 
in  the  y,„  and  yKT  values. 

It  is  significant  to  note  that  as  the  Na,0  content  in- 
creases, the  optical  y,  values  are  observed  to  increase 
(Table  HI).  The  ytk  parameter  increases  slightly,  but  the 
y„T  values  increase  significantly,  and  s-e  much  more 
sensitive  to  compositional  changes  occurring  in  the 
glasses.  It  may  also  be  observed  that  the  negative  yNT 
values  are  related  to  the  anomalous  behavior  in  or -quartz 
and  fused  silica,  for  as  NatO  enters  the  glass,  yRT  be- 
comes increasingly  more  positive  and  the  anomaly  de- 
creases. Since  Raman -active  modes  have  not  been  ex- 
amined under  pressure,  definite  conclusions  were  not 
possible.  However,  the  positive  pressure  dependences 
of  the  infra  red -active  modes  examined,  correlated  with 
the  absence  of  any  negative  thermal  expansion  observed 
for  sodium  silicate  glasses. 

SUMMARY 

Infrared  absorption  spectra  of  sodium  Bllicate  glasses 
vary  systematically  with  composition  and  pressure.  The 
following  findings  are  noteworthy: 

(1)  The  strong  broad  band  at  -1100  cm’1  due  to  Si-O 
Stretching  within  the  tetrahedron  splits;  the  frequencies 
of  both  of  the  resultant  bands  decrease  with  substitution 
of  Nap  in  the  structure.  With  an  increase  in  pressure 
these  bands  show  a shift  toward  higher  frequency . 

(ii)  The  frequency  and  intensity  of  the  bridging  Si-O-Sl 
stretching  mode  at  ~790  cm’1  decreases  with  an  in- 
crease in  Na,0  content.  The  frequency  was  found  to  in- 
crease with  pressure. 

(iii)  The  low-frequency  band,  due  to  Sl-O-Si  and  O-SI-O 
bending  modes,  slightly  Increases  in  frequency  with 
Na,0  content,  and  with  increasing  pressure. 

(iv)  All  values  of  dvJdP  for  thfr  four  optical  vibrational 
modes  examined  are  positive.  > 


TABLE  IV.  Thermal  and  elastic  data  and  the  Qitlnelsen 
parameter  values  for  the  NejO-SlOj  glasses. 


(mole  % Na,0) 

Yta 

hiT 

(10) 

1 0.003 

-1.35 

(15) 

VO.  004/ 

-0.84 

(20) 

0.008 

-0.31 

(25) 

4.007 

-0.17 

(27.5) 

4.0  oh 

(see 

0.32 

(30) 

01008 

erratum) 

0.49 

<33. 1) 

OlOM 

0.68 

(35) 

0.V11 
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<35.  5) 

o.lto 

0.74 

(39.6) 

O.fill 
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(40) 

0M2 
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1.08 
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-2. 32 

Vycor<0) 
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(v)  The  y/s  calculated  from  AvJdV  are  higher  than  those 
tor  o -quart*  and  hlgh-stllca  glasses,  reflecting  the  in- 
crease In  Ionic  character  of  the  glasses  as  the  NaaO 
content  increases. 

(vl)  As  the  Na,0  content  Is  Increased  in  the  sodium 
glasses,  the  value  of  yttT  increases  significantly,  corre- 
lating with  an  absence  of  negative  thermal  expansion  in 
these  glasses. 
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Erratum:  Infrared  absorption  spectra  of  sodium  silicate 

glasses  at  high  pressures 
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In  the  manuscript  on  the  high -pressure  effects  on  the 
infrared  absorption  spectra  of  sodium  silicate  glass? 
two  errors  appeared  Inadvertently.  These  are 

1.  Equation  (5)  on  p.  4598  should  read  as  follows: 


2.  Table  IV  should  read  as  follows: 


TABLE  IV.  Thermal  and  elastic  data  and  the  Grunelsen  param- 
eter values  for  the  NajO-SIOj  glasses. 


<mole%  Na,0) 

Yu* 

Yht 

SSSCSSX“ 

<10) 

0.498 

-1.35 

(15) 

0.854 

-0.81 

(20) 

1.147 

-0.35 

(25) 

1.334 

-0.17 

(27, 6) 

1.432 

0.34 

(30) 

1.532 

0.49 

(33. 1) 

1.700 

0.87 

(35) 

1.847 

0.78 

<35. 6) 

1.792 

0.74 

(39.6) 

1.975 

1.02 

<40) 

2.027 

1.07 

(45) 

2.20 

1.18 

a -quart*  (0) 

0.694* 

0.48 

Fused  silica  (Q) 

0.04 

-2. 32 

Vycor  (0) 

0.04 

-1.80 

Pyre*  (4) 

0.22 

-1.80 

*N.  Soga,  J.  Oeophya.  Res.  73,  4227  (1968). 


* The  listed  values  should  be  divided  by  3. 
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Infrared  absorption  spectra  of  lithium  and  potassium 
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Infrared  absorption  xpectra  of  flve  tilhlnm  xllicate  mid  tin  potaixium  »llic«ae  (law*  of  varying 
compoxitlon  lift  15  mnle%  1.1,0  and  15  40  mnle%  K,0.  respectively)  are  examined  In  ih*  range 
1500  100  cm  The  frequencies  of  the  main  abanrpllnn  band*  decrease  with  an  increase  of 
alka'.l  metal  oxide  (A/tO)  content,  with  the  exception  of  the  960  cm-'  ahoulrier  for  the  lithium 
•lllcate  glaxsex.  The  pressure  dependences  In  ~ 40  kher.  of  all  the  main  Infrared  absorption 
frequencies,  which  are  pressure  sensitive,  are  fount!  to  be  positive  The  values  of  dv,/d  P are  higher 
for  ptitxssium  silicate  glasses  than  for  sodium  and  lithium  silicate  glasses.  The  effects  of  pressure  are 
found  to  he  opposite  to  the  compositional  effects.  I'he  Orilneisen  mode  y'a,  y,,  evaluated  from  the 
pressure  dependence  of  the  infrared  absorption  frequencies,  are  apparently  related  to  the  polarising 
power  of  the  alkali-metal  ion.  The  results  discussed  in  light  of  previous  high-pressure  infrared 
Absorption  studies  of  fused  silica  and  sodium  silicate  glasses  clearly  indicate  that  y„  ylK,  and  y,„ 
geneially  inciease  with  M ,()  content  in  alkali  silicate  glasses. 

I.  INTRODUCTION 

It  has  boon  demonstrated  that  the  addition  of  an  alkalt- 
mntal  oxide,  ouch  an  NafO,  to  the  810,  tetrahedral  net- 
work In  silicate  glasses,  In  addition  to  effecting  a minor 
role  of  network  filling  at  low  concentration,  caution  re- 
adjustment of  the  SIO,  tetrahodra  and,  an  a conse- 
quence, produces  Home  ntructural  dlntortton.  These 
effects  are  accompanied  by  breakdown  of  the  Sl-O-Sl 
bonds,  and  the  formation  of  weaker,  more  Ionic  bonds 
with  increasing  alkali  oxide  content.  The  variations  In 
the  mechanical,1  elastic,"  and  thermal  properties,"  and 
infrared  absorption  spectra  of  sodium  silicate  glass- 
es, *“u  having  different  composition,  reflect  such  struc- 
tural modification.  In  general,  It  1b  of  Interest  to  Inter- 
pret the  composition  dependence  of  the  various  prop- 
erties of  alkali  silicate  (M,0-SlOa)  glasses  in  light  of 
the  breakdown  of  81-O-St  bonds,  formation  of  weaker 
81-O-M  links  and  Sl-O  bonds,  and  the  resultant  changes 
In  the  Sl-O-Sl  bond  angles  In  the  silicate  glass  struc- 
ture. 8uch  an  evaluation  Is  of  particular  value  to  better 
understanding  of  the  anomalous  thermal  and  optical 
properties  of  high -silica  glasses. 

The  Important  conclusions  reached  In  a recent  paper 
concerning  the  composition  and  pressure  dependence  of 
the  infrared  absorption  spectra  of  the  sodium  slllcats 
glasses  In  the  1800— 100-cm‘‘  frequency  range  were  that 
first,  except  for  the  480-cm'1  absorption  band,  frequen- 
cies of  the  other  three  major  bands  decreased  with  an 


increase  In  Na,0  content;  second,  the  pressure  depen- 
dence of  the  three  major  Infrared  vlbrattonal  modes  v, 
was  positive;  and  third,  the  values  of  mode  Grfinelsen 
gamma,  r„  calculated  from  dv,/dP,  were  larger  than 
thosn  found  for  fueed  silica  and  that  y,  for  the  *-806- 
cm*1  band  appears  to  increase  (outside  experimental 
errors)  with  Na,0  content  and  tonic  character  of  the 
glass. 

This  paper  Is  an  extension  of  an  earlier  study;  Its 
purpose  is  to  report  on  the  composition  and  pressure 
dependence  of  the  Infrared  absorption  spectra  of  five 
Uthtum  silicate  and  six  potassium  slllcats  glasses  In  the 
range  of  1500-100  cm"1  and  to  pressures  of  40  kbsr. 
The  mode  Orilnolsen  parameters,  V,,  calculated  from 
the  pressure  dependence  of  the  main  Infrared  absorp- 
tions, are  compared  with  yth,  and  the  high -temperature 
limit  gamma  value,  vH(,  obtained  from  the  pressure 
coefficients  of  the  elastic  parameters.  The  results  are 
correlated  with  previous  studies  on  sodium  silicate 
glasses"  and  fused  silica. 14 

II.  EXPERIMENTAL  METHOD 

Five  lithium  silicate  glasses  and  six  potassium  sili- 
cate glasses,  synthesized  at  the  National  Bureau  of 
Standards,  were  used  In  this  study;  the  glaeees  were 
annealed  to  52S  “C.  Tabtee  I and  II  Uet  the  chemical 
composition  of  the  glasses  In  mole%.  For  obtaining  the 


TABLE  1.  Chemical  composition  of  LljO-SlO,  glasses. 


Sample  No. 

S10, 

mole% 

LijO 

810, /L  1,0 

1 

80 

20 

4.00 

2 

76 

26 

3.00 

3 

70 

30 

2.33 

4 

68 

32 

2.13 

6 

nr. 

35 

1.80 

TABLE  II.  Chemical  composition  ol  K,0-S10,  glasses. 


Sample 

No. 

810, 

mole% 

K,0 

S10,/K,0 

Remaiks 

1 

86 

IS 

6.7 

2 

80 

20 

4.0 

3 

76 

26 

3.0 

4 

70 

90 

2.33 

Vks«e  separation 

5 

65 

36 

1.86 

Phase  separation 

6 

no 

40 

1.60 

Phase  separation 
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infrared  absorption  spectra,  small  portions  of  the 
glasses  were  crushed  and  finely  powdered  by  extensive 
grinding  In  an  agute  mortar.  The  procedures  of  sample 
grinding  and  preparation  were  conducted  in  a dry  box 
flushed  with  dry  nitrogen.  The  mid-infrared  spectra 
from  1500  to  650  cm'1  were  obtained  by  using  a diamond 
anvil  cell  and  Beckman  IR-t2  spectrophotometer.  The 
spectra  In  the  range  < 650  to  300  cm'1  were  obtained  by 
using  a diamond  anvil  cell  and  a Perkin-Elmer  model 
No.  301  spectrophotometer.  The  instruments  were 
calibrated  in  the  mid-infrared  region  with  polystyrene 
film,  and  at  frequencies  < 650  cm'1  with  water  vapor  and 


KlO.  2.  Spectra  (1200—700  cm'*)  of  lithium  elllcutc  glasses 
with  varying  ratios  of  SlOj/LljO  at  ambient  pressure,  observed 
by  using  a diamond  cell  with  a Beckman  Qt-12  spectrophotom- 
eter. The  spectra  (COO  to  000  cm*1)  of  the  sumo  glassus,  ob- 
served by  using  a diamond  cell  with  a Perkin- Elmer  No.  001 
spectrophotometer,  are  also  shown  huro. 


Hg  emission  lines,  and  with  the  low-frequency  absorp- 
tions of  boltd  yellow  HgO.  For  the  high-pressure  in- 
frared absorption  measurements  <650  cm'*,  the  op- 
posed diamond  cell  and  the  Perkin-Elmer  301  spectro- 
photometer equipped  with  a 6X  beam  condenser  were 
used.  Mid-infrared  measurements  at  high  pi  issuros 
were  made  with  a Beckman  IR-12  spectrophotometer 
also  equipped  with  a 6 x beam  condenser.**  The  pow- 
dered sample  was  loaded  in  the  cell  In  a dry  box , and 
the  pressure  applied  in  Incremental  steps.  During  the 
pressure  cycling,  the  sample  in  the  cell  was  observed 
with  a microscope.  A description  of  the  pressure  cell 
and  the  method  used  in  pressure  calibration  have  been 
•previously  reported. *5>‘° 


Kid,  3.  Spectra  (1200—700  cm*1)  of  potusslum  silicate  glasses 
with  varying  ratios  of  SiOj/KjO  ut  ambient  pressure,  observed 
by  using  a diamond  cell  with  a Beckman  Ul-12  spectrophotom- 
eter, The  spectra  (000  to  300  cm*1)  of  the  same  glusses,  ob- 
served by  using  a diumomi  cell  with  a Perkin-Elmer  No.  301 
spectrophotometor,  arc  also  shown  hero. 
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TABLE  III.  Lithium  silicate  glasses.  < ibservcd  liifrurud  ab- 
sorptions ut  ambient  pressure  tom-1). 


Class 

(moloX  LljO) 

Abso 

11)  • 

rptions 1 
(2)  “ 

(3)  * 

20 

1000  (vs,  b) 

800  (m) 

•180 

25 

1075  (vs.b);  000  (sh) 

800  (ill) 

•181 

30 

1000  (vs);  005  (sir) 

790  (m) 

•188 

32 

1050  (VS);  970  (till) 

785  (111) 

•180 

35 

1050  (V»);  970  (sh) 

700  (111) 

•188 

•Abbreviations:  v - very;  s - strung;  b --  broad;  m medium; 
sh  «=  shoulder, 

•Limit  of  frequency  measurement  > li  cnr1. 

“Limit  of  frequency  measurement  i 3 cm*1. 


TABLE  IV.  l'otussium  silicate  glasses.  Observed  Infrared  ab- 
sorptions at  ambient  pressure  (cm*1). 


(Hubs 

Absorptions* 

(molo%  KjO) 

(l)6 

(2)  “ 

( 3)  c 

Fused  silica  (o) 

1087  (VS) 

815 

475 

15 

1070  (vs,  b)  4 

800 

406 

20 

1005  (vs, b)  d 

780 

409 

25 

1080  (vs);  005  (vs) 

775 

400 

:to 

1080  (vs);  075  (vs) 

780 

400 

35 

1080  (vs);  075  (vs) 

770 

409 

40 

1005  (vs);  945  (vs) 

755 

404 

•Abbreviations:  v - very;  s ••  strong;  b *■  broad;  m = medium. 
•Limit  of  frequency  measurement  t 5 cm"*. 

“Limit  of  frequency  measurement  t 3 cm'1. 

‘‘Asymmetric  on  high-frequency  side  of  absorption  bund. 


III.  RESULTS  AND  DISCUSSION 
A.  Effects  of  compositional  variation 

Tables  III  and  IV  list  the  observed  absorptions  at 
ambient  pressure  for  the  glasses  under  study.  Tho  ef- 
fects of  Increasing  LL.O  or  K.,0  content  in  tho  glass 
composition  aro  Illustrated  in  Fig.  1,  which  also  In- 
cludes for  comparison,  the  previously  reported  results 
of  some  sodium  silicate  glasses.'*  Typical  spectra  for 
the  LijO-SlCX  and  K_,0-SiO,  glasses  studied  here  are 
displayed  in  Figs.  2 and  3,  respectively.  The  frequency 
of  the  -1100-cm'*  band,  related  to  the  Sl-O  stretching 
within  the  tetrahedral,  decreases  with  an  Increase  of 
alkali  content  In  both  glass  types  (see  also  Fig.  1),  tho 
effect  being  more  marked  in  the  lithium  glasses.  The 
relationship  In  the  potassium  glasses  Is  not  as  well  de- 
fined— the  frequency  Increases  slightly  or  remains  In- 
variant with  the  KaO  content.  If  we  represent  the  com- 
position dependence  of  frequency  by  ilv (/dC,  where  C is 
the  mole'#  M.fi  present  in  the  glass,  we  have,  from  the 
least -squares  analysis  of  the  data,  the  values  of  di>t/dC 
for  the  ~ 1100 -cm"1  band  in  the  lithium,  sodium,  and 
potassium  glasses  as  -2.87,  -1.04,  and  -0.11  cm'1/ 
mole%  W.jQ,  respectively.  This  clearly  Indicates  that 
the  Si-O  vibrational  bond  force  constants  may  be  weak- 
ened to  a much  greater  extent  In  the  lithium  glasses 
than  In  the  sodium  glasses  as  a result  of  Increased.  M.fi 
content;  for  the  potassium  glasses,  there  is  no  appre- 
ciable change. 

The  -960-cm'1  absorption  represents  the  nonbridging 
St-O  terminal  stretching.  Simon1'1  has  commented  that 
this  band  appears  in  alkali  silicate  glasses  at  nearly  the 
same  frequency  whenever  the  alkali  metal  oxide  content 
roaches  a value  of  25  mole%.  Our  results  aro  In  agree- 
ment with  the  latter  conclusion,  but  it  is  found  that  the 
frequency  at  which  this  band  appears  In  tho  three  types 
of  alkali  silicate  glasses  studied  varies  with  the  typo  of 
alkali  metal  present,  being  highest  (-995  cm'1)  for  a 
potassium  glass  (Fig.  3)  and  lowest  (~960  cm'1)  for  a 
lithium  silicate  glass  (Fig.  2).  This  absorption  band, 
which  appeared  as  a shoulder  In  the  sodium  glasses 
containing  25  mole%  Na.O  or  more  and  which  showed  a 
definite  separation  from  the  -1100-cm'1  band  with  In- 
creasing NaaO  content,  appears  as  a small  shoulder 
near  -960  cm'1  In  the  lithium  glass  containing  25  molo% 
LljO.  It  remains  as  a shoulder  even  at  a higher  concen- 
tration, 35  mole*/,  Li.,0  (Fig.  2).  Tho  value  of  dvJdC 
estimated  for  this  band  In  the  lithium  glasses  is  1.08 


cm"‘/'mole%;  this  is  only  an  approximate  value  In  view 
of  the  failure  to  resolve  the  band.  For  the  potassium 
glasses,  this  absorption  is  a very  strong  resolved  band 
appearing  at  995  cm'1  in  the  glass  containing  25  mole% 
KjO  (Fig.  3).  In  contrast  to  the  lithium  glasses,  the 
frequency  of  this  band  decreases  with  Increase  of 
potassium  content,  similar  to  that  observed  previously 
for  the  sodium  system. 1 The  value  of  dvJdC  Is  — 2.00 
cm'Vmole%  which  Is  the  same  as  the  value  obtained 
for  the  sodium  system.  (For  a comparison  of  the  be- 
havior of  dut/dC  for  the  band,  see  Fig.  1 curves  labeled 
B.)  This  clearly  suggests  that,  as  a result  of  Increas- 
ing amounts  of  alkali -metal  oxide,  the  Sl-O  bond  is 
strengthened  in  Llp-SlO.,  glasses  but  Is  weakened  In 
NaaO-S103  and  K..O-S10..  glasses.  A similar  effect  is 
also  found  in  a study  of  Young’s  moduli  of  these  glass- 
es'; the  Young’s  modulus  decreases  in  the  NaaO  and 
K30-Si02  glasses  but  Increases  In  LiaO-SlOa  glasses  as 
the  amount  of  alkali  oxide  increases. 

The  frequency  of  the  -800-em'1  band  which  is  related 
to  the  Si-O-Sl  bridged  stretching  between  the  tetrahedru, 
is  observed  to  decrease  with  an  Increase  in  the  A/aO 
content  In  all  three  glass  types  (plots  C,  Fig.  1),  the 
decrease  in  the  sodium  and  potassium  glasses  being 
larger  than  that  in  the  lithium  glasses. 

The  frequency  of  the  -460-cm'1  band,  which  repre- 
sents the  bending  modes  Involving  Si-O-Sl  and  O-Si-O, 
does  not  appreciably  vary  with  composition  in  all  three 
cases  (plots  D,  Fig.  1). 

An  examination  of  Fig.  2 shows  that  as  the  alkali 
oxide  content  of  the  lithium  glasses  increases,  the  in- 
tensity of  the  -1100-cm'1  bnnd  decreases,  a conse- 
quence of  the  decrease  in  the  number  of  the  Sl-O-Si 
bridges  that  Is  also  reflected  by  a very  alight  decrease 
In  tho  intensity  of  the  -800-cm'1  band.  Slmllai  effects 
are  observed  In  the  potassium  glasses  (Fig.  3).  How- 
ever, the  intensity  of  the  - 800-cm'1  band  decreases 
more  appreciably  with  increasing  K..O  content,  and  the 
Intensity  of  the  Sl-O  terminal  nonbridging  stretching  ab- 
sorption at  ~960  cm'*  increases  and  becomes  as  strong 
as  that  of  the  -1100-cm'1  band  at  a SiOa/K,,0  molar  ratio 
of  3.0.  Also  seen  In  Fig.  3 Is  a decrease  both  In  in- 
tensity and  In  frequency  of  the  ~ 800-cm'1  band  in  the 
potassium  glasses  as  the  K ..O  content  increases.  Simi- 
lar effects  of  the  absorption  bands  - 1100  and  800  cnr* 
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PIG.  4.  Spectra  of  lithium  silicate  plans  (25  mole%  1.1,0)  in  the 
frequency  rnngc  1200—700  cm"'  at  vnrylng  pressures. 

were  also  observed  when  the  Na,0  content  increased  In 
sodium  glasses.4 

When  all  the  results  for  the  three  types  of  glasses 
are  compared,  the  compositional  effect  on  the  ~ 1100- 
and  960-cm'1  bands  in  the  lithium  glasses  is  more  ob- 
vious than  found  in  the  other  two  glass  types.  On  the 
other  hand,  the  compositional  effects  on  the  ~ 800 -cm'1 
band  are  the  least  apparent  in  lithium  glasses,  probably 
due  to  the  small  size  and  large  electronegativity  of  Li*, 
which  results  in  a less  ionic  Ll-O  bond.  One  might 
correlate  the  above-mentioned  effects  with  the  behavior 
of  silicate  glass  under  compression.  To  do  so,  let  us 
consider  the  compressibility  of  vitreous  silica,  which 
is  higher  than  in  any  other  alkali  silicate  glass,  and 
whtch  decreases  as  alkali-metal  oxide  is  added.  The  de- 
crease in  compressibility  is  in  the  order  K > Na  > Li 
silicate  glasses.11  Revesz1*  has  commented  upon  the  ef- 
fect of  electronegativity  of  the  alkali  metal  of  the  oxide , 
added  on  the  ir  bondtng  between  Si  and  O,  and  its  effect 
on  the  compressibility  of  silicate  glass.  According  to 

TABLE  V.  Comparison  of  the  mode  Grttnetaen  parameters  y, 
with  yHT  and  yu  for  various  lithium  silicate  glasses.  Note  that 
the  band  at  ~480  cm'1  shows  no  shift  with  pressure  within  ex- 
perimental error. 


Glass 

(molo% 

LijO) 

(cm*1) 

dVf/dP 

(cm"*/ 

kbar) 

X* 

(Mbar'*) 

Vi 

Vht* 

* 

20 

800 

0.26 

2.446 

0.13 

-0.76 

0.77 

25 

800 

0.39 

2.314 

0.21 

-0.40 

0.99 

30 

790 

0.39 

2.174 

0.23 

0.23 

1.22 

32 

785 

0.39 

2.092 

0.24 

0.43 

1.36 

35 

790 

0.39 

2,027 

0.24 

0.71 

1.46 

20 

1090" 

0.26 

2.446 

0.10 

25 

1075" 

0.39 

2.314 

0. 16 

30 

1060" 

0.26 

2.174 

0.11 

32 

1050" 

0.26 

2. 092 

0.12 

35 

1050" 

0.26 

2.027 

0.12 

•Data  from  Ref.  2. 

"Shoulder  to  this  peak  too  weak  to  follow  with  pressure. 
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FIG.  S.  Spectra  of  potassium  silicate  glass  (25  mole%  K,Ol  in 
the  frequency  range  1200—700  cm'1  at  varying  pressures. 

this  author,  the  lower  the  electronegativity  of  the  alkali 
metal  (the  order  of  electronegativity  being  Li>  Na>K), 
the  larger  is  the  tr  contribution  to  the  »Sl-0'M'«Sl-0- 
S1  * bond.  Thus,  the  higher  electronegativity  will  result 
In  the  lower  compressibility  of  an  alkali  silicate  glass; 
the  available  experimental  data  on  the  compressibility  of 
alkali  silicate  glasses  support  this  conclusion. 3 

B.  Pressure  effects 

Tables  V and  VI  present  the  pressure  dependence  of 
the  pressure -sensitive  Infrared  absorption  frequencies 
for  the  lithium  and  potassium  glasses.  Figures  4 and  5 
depict  typical  spectra  of  some  of  these  glasses  under 
pressure.  Except  for  the  -460-cm'1  band,  which  does 

TABLE  VI.  Comparison  of  the  mode  GrUnelaen  parameters  yt 
with  yHT  and  yu  for  various  potassium  silicate  glasses.  Note 
that  the  band  at  ~ 470  cm'1  shows  no  shift  with  pressure  within 
experimental  error. 


Glass 

(mole% 

KjO) 

iq  ivJdP 

(cm*1)  (cm'1/ 
kbar) 

X* 

(Mbar'1) 

Vi 

Vht* 

Vw* 

* 

15 

600 

0.20 

3.212 

0. 10 

-0.52 

1.06 

20 

780 

0.66 

3.163 

0.27 

~0 

1.34 

25 

775 

0.52 

3.095 

0.22 

0.39 

1.69 

30 

780 

0.52 

. M 

• • • 

* • • 

a a a 

35 

770 

0.52 

... 

a • • 

• a. 

40 

755 

0.52 

* * * 

• a a 

15 

1070 

0.52 

3.212 

0.15 

20 

1065 

0.40 

3.163 

0.12 

25 

1080 

0.52 

3.095 

0.16 

r 

30 

1080 

0.66 

• * * 

35 

1080 

0,66 

• • • 

... 

40 

1065 

0.26 

• e • 

tie 

25 

995 

0.52 

3.095 

0.17 

30 

975 

0.66 

• • • 

• • • 

35 

975 

0.52 

• * * 

• • « 

40 

945 

0.52 

* * • 

* * * 

•Data  from  Ref.  2. 
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FIG.  fi,  Plot  of  rfr(/rfP  vs  polarizing  ixjwor  (•ft/i'1)  for  MsO- 
8Io2  glasses,  where  M=I,1,  Na,  or  K.  (/?  - electronic  change, 
and  r ■■  radius  (Ref.  19)  of  the  alkali  Ion.) 

.not  appreciably  vary  with  pressure,  the  dvJdP  values 
for  the  -800-  and  - 1100-cm'1  absorptions  are  positive, 
as  was  found  for  tho  sodium  silicate  glasses.  * 

For  a given  molar  content  of  alkali  oxide,  the  dvt/dP 
values  for  tho  potassium  silicate  glasses  are  similar  to 
those  for  sodium  glasses  and  higher  than  those  for 
lithium  silicate  glasses.  The  dv, /tlP  values  for  all  the 
absorption  bands  considered  appear  to  be  more  or  less 
related  to  the  type  of  alkali  metal  present  rather  than 
to  tho  amount  of  alkali  oxide  In  the  glass.  One  explana- 
tion possibly  lies  In  the  difference  in  the  polarizing 
power  <J/r5  (where  Z Is  the  electronic  charge  and  r the 
Ionic  radius)  of  the  three  alkali  metals  Involved  in  the 
composition  of  the  glasses.  Flguro  G shows  a plot  of 
dvt/dP  versus  the  polarizing  power  {Z /r J)  of  the  three 
alkali -metal  Ions.  It  can  be  seen  that  as  tho  Zlr%  value 
of  the  alkali  Ion  decreases,  tho  dvt/dP  value,  for  a 
given  mode  of  vibration  increases,  the  pressure  depen- 
dencies being  In  the  order  of  K > Na  > LI  silicate 
glasses. 

The  mode  GrUnolsen  parameters  y(1  tabulated  in 
Tables  V and  Vf,  are  evaluated  from  the  relation 


where  x le  the  isothermal  compressibility  of  material. 
In  all  cases  where  comparisons  are  possible,  the  y, 
values  for  the  alkali  silicate  glasses  are  higher  than 
those  for  fused  silica  and  reflect  the  more  Ionic 
character  of  the  former.  The  results  are  consistent 
with  the  fact  that  the  effects  of  adding  alkali -metal 
oxide  to  silica  will  diminish  both  the  anomalous  thermal 
expansion  and  the  elastic  behavior  of  fused  silica  and 
high -silica  glasses,  In  general,  the  higher  sensitivity 
to  pressure  of  the  vibrational  frequencies  for  the  alkali 
silicate  glasses,  as  compared  to  that  for  fused  silica, 
and  particularly  the  Increasing  dvJdP  values  from 
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oxides  also  makes  the  motion  of  the  Sl-O  bond  within 
tho  SIO,  tetrahedra  Increasingly  sensitive  to  pressure, 
nnd  that  addition  of  potassium  ions  causes  the  greatest 
change  In  the  pressure  dependence  of  this  Sl-O  vibra- 
tional frequency  bond. 

C.  Correlation  of  composition  and 
pressure  dependence  of  iq 

The  effects  of  composition  and  pressure  on  the  vibra- 
tional frequencies  are  found  to  be  opposite.  For  the 
alkali  silicate  glasses,  almost  all  the  Infrared  absorp- 
tion frequencies  decrease  with  increase  In  alkali  oxide 
content,  whereas  pressure  dependence  is  positive  in 
all  cases,  except  for  the  bond -bending  vibrations  at 
- •400  cm"1,  which  does  not  show  any  appreciable  change. 
Krtlger,  5 in  a study  of  tho  thermal  properties  of  sodium 
silicate  glasses  at  low  temperatures,  has  considered 
that  the  Introduction  of  Na,0  has  two  effects:  (i)  The 
Joined  StO,  tetrahedra  readjust  to  a more  ordered 
angular  position  and  (11)  the  network  becomes  Increas- 
ingly disrupted.  Our  results  are  consistent  with  this 
consideration.  Increase  of  the  alkali -metal  oxide  con- 
tent results  in  a decrease  in  the  intensity  of  the  -800- 
cm‘l  band,  nnd  the  appearance  of  an  absorption  at  ~960 
cm'1,  which  Is  due  to  the  nonbrtdging  St -O'  terminal 
vibration.  As  the  number  of  the  broken  Sl-O-St  links 
increases  to  accommodate  the  alkali  metal,  more  new 
terminal  bonds  are  created,  thus  causing  the  Intensity 
of  the  - 960-cm'1  band  to  increase.  The  Sl-O  stretching 
bonds  within  the  tetrahedra  also  change,  and  probably 
weaken  slightly.  In  all  cases  the  frequency  decreases 
with  an  Increase  of  alkali -metal  oxide,  except  In  the 
case  of  the  bending  vibration  frequency  (-400  cm'1) 
which  reflects  little  change.  One  would  expect  that  the 
Si-O-Sl  and  O-St-O  bond  angles  also  chango  with  the 
addition  of  alkalt-metal  oxide.  However,  no  conclusions 
on  the  bond  angles  can  be  made  from  the  present  study 
of  the  infrared  absorption  frequency. 

The  pressure  effects  are  opposite  to  the  effects  of 
composition.  All  frequencies  shift  back  toward  the 
position  of  the  frequencies  for  fused  silica,  with  the 
exception  that  the  terminal  Sl-O'  vibration  remains  In- 
variant. The  pressure  effects  may  be  considered  to 
cause  some  ordering  of  structure,  as  was  previously 
reported  for  quartz  and  fused  silica.15 

D.  Thermal  expaniion  and  the  Gruneiten  parameters 

The  observed  negative  thermal  expansion  coefficients, 
av,  at  T<  200  It  for  fused  silica  and  a borosillcate 
glass,  and  tho  effects  of  diminishing  this  anomaly  by 
the  addition  of  a network -filling  agent  such  as  AfzO  is 
of  considerable  Interest. 30’ 51  The  coefficient  ay  is 
related  to  y,h  through  the  relation 

V,i,  -~a  VKS  /pC t — otrKr  /pC v -“v  /pC  t>X  (2) 

where  Ks  and  KT  are  tho  adiabatic  and  isothermal  bulk 
moduli,  p Is  density,  and  and  Cv  are  specific  heats 
at  constant  pressure  and  volume,  respectively.  Is 


lithium  to  potassium  silicate  glasses,  is  a consequence 
of  the  increasing  ionic  character  of  the  glasses  as  one 
proceeds  from  fused  silica  to  LI  -Na  — K silicate  glass- 
es. The  previous  study  of  sodium  silicate  glasses'1  and 
the  present  results  indicate  that  the  Insertion  of  those 


also  related  to  y,  and  by  the  relationship 
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FIG.  7.  Plots  of  •yin  »n<l  yHT  vs  .S10}/A/2()  ratio  for  tho  LI.O-, 
Na50-,  nnd  KjO-StOj  glusscH  (from  Kef.  21. 

where  v,  Is  defined  by  Eq.  (1)  and  C„,  Is  the  specific 
hoat  contribution  for  osich  vibrational  mode  to  the  total 
Einstein  specific  hen* 

Since  the  thermal  expansion  data  were  obtained  at 
room  temperature  and  above,  we  will  consider  only  the 
high -temperature  limit  of  V,h  designated  as  yHT.  rHT 
calculated  from  the  pressure  derivatives  of  the  elastic 
parameters, ,a' 21  assuming  that  only  the  acoustic  modes 
contribute  to  y,  are  listed  In  Tables  V and  VI. 


For  the  sodium  silicate  glasses,  It  was  found  that 
ylh  and  vHT  increase  as  more  Na,0  enters  the  silica 
network.  For  the  Sl0jAJa,O  ratio  of  4 and  larger,  yHT 
was  negative  and  this  was  correlated  with  the  anomalous 
behavior  found  in  fused  silica  and  high-slllca  glasses. 
Tables  V and  VI  show  comparison  of  y(,  yBT,  and  f 
for  the  Li20  and  KaO-SlOa  glasses.  Figure  7 shows  plots 
of  v,h  and  yHT  versus  the  S10a/M,0  ratio2  for  these  and 
Na20-S10j  glasses.  In  both  plots  the  yth  and  yHT  values 
Increase  In  the  following  order:  K>Na>  LI  silicate 
glasses.  At  lower  S10,/Afa0  ratios,  the  yHT  values  ap- 
pear to  converge  to  1.0.  This  trend  then  correlates 
with  the  decrease  in  the  degree  of  anomalous  (negative) 

* Consistent  with  the  corrections  made  in 
upper  plot  of  Fig.  7 is  now  3yth. 


thermal  expansion  due  to  tho  addition  of  alkali -metal 
oxide  to  fused  FiO,. 
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The  infrared  absorption  «jw>rtr*  of  six  N*,OTIO,HI(),  glsas**  in  ths  frequency  range  of  1600 
t»200  rm"1  nr*  reported.  These  glasses,  having  a HI()4/N*tO  mnUr  rutin  of  1.07  to  ,1.M,  iind  enn- 
tsining  20  nr  2fl  mole  % Ti<)4  , demonstrate  twn  main  absorption*  at  ~tW)  cm'1  and  at  ~<60 
rm'1.  A weak  absorption  nt  ~700cm"'  Iteromes  progressively  weaker  In  Ihtenslly,  and  a weak 
shoulder  nt  lOftO  rm-1  appears  with  Increasing  NmO  content.  Thn  frequency  of  the  nbnnrptlnn 
bund  nt  '*■■060  cm"1  In  (nund  to  decrease  markedly  nhd  systematically  with  n decrease  in  the 
•Si<)t/NntO  molar  rntin,  whereas  the  frequency  nf  the  bnnd  nt  ~lfi<lem",*how*a  slight  increase. 
Thn  infrnrnd  rrnnltn  tuny  Im  interpreted  in  terms  nf  n lowering  nf  nymmetry  occurring  for  the 
WO,  tinltn.  Tim  effect  nf  TIO,  content  on  the.  relntlniinhip  between  vibrntinnnl  frequency  in 
do  .usaed.  The  frequency  cnmpnnitinn  ctirven  for  glasses  containing  20  ntid  Ilf i mole  % nf  TiOi 
internect  nt  SiOt/NntO  rntio  ~2.  A mvernnl  in  the  freqttnnry  vn  M04/Na40  rntin  relntinn  won 
nlnn  found  nt  8IO|/N*»0  ~-2  for  thn  nndittm  nllicnte  glasses. 

Inokx  IluAOiNnn:  lnfrnred  npnctrnncnpy ; N a, O TiOi  NIO,  glasses;  Compositional  efteeln, 


INTRODUCTION 

The  Rlatwi'H  in  thn  tt'rnnry  NojOTiOi-SiOj  ttyntem 
have  been  employed  by  several  workers  to  demonstrate 
the  effect  of  modifying  ions,  such  ns  Ti,+  and  Na+,  on 
the  optical,  thermal,  electrical,  and  other  physical 
properties1-*  of  silicate  glasses.  In  mosttif  these  studies, 
the  role  of  Ti*+  has  been  particularly  emphasised, 

Recently  a study  of  the  pressure  and  temperature 
dependence  of  the  elastic  properties  of  the  NaiO-TiOj- 
SlOt  glasses  has  been  reported.*  The  purposes  of  this 
paper  arc  to  report  the  infrared  absorption  character- 
istics of  the  same  NaiO-TiO,-SiOi  glasses  and  to  in- 
terpret the  effects  of  composition  on  the  structural  state 
as  revealed  by  the  infrared  absorption  spectra. 

In  simple  binary  glasses,  such  as  those  in  the  system 
NatO-SiO, , the  various  physical  properties  such  as 
mechanical  strength  and  elastic  moduli  are  related  to  a 
number  of  the  Si-0-Sl  links  in  the  random  network  of 
silica  totrahedra.’  The  addition  of  NaiO  as  a modifier 
causes  the  breakdown  of  these  links  and  the  formation 
o?  weaker  Si-O-Na  terminal  links  as  reflected  by  the 
decrease  in  the  Young's  moduli  of  glasses  in  the  binary 
Na»0-SI0t  glasses  as  the  Na»0  content  is  increased.*'* 
It  is  of  interest  to  understand  how  such  a modification 
of  the  structure  is  affected  in  the  presence  of  Ti,+  ions 
which  occupy  intratetrahedral  positions  at  low  concen- 
tration and  the  intertetrahodrai  positions  at  a high  con- 
centration of  TiCV  We  have  carried  out  this  study  to 


* Based  on  experimental  work  performed  at  Argonne  National 
Laboratory  under  the  auspice*  of  the  United  State*  Atomic 
Energy  Commission.  Work  at  the  University  of  Hawaii 
aupported  by  the  United  State*  Office  of  Naval  Reaearch, 
Metallurgy  Program,  under  Contract  NO0OMA7-A-O3B7-O012, 
Nr  0S2-JS27.  Hawaii  Institute  of  Geophyele*  Contribution 
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t To  whom  correspondence  should  be  addressed. 


shod  some  new  light  on  the  changing  role  of  a modifying 
oxide  (Na,0)  added  to  8iO»  structure  containing  another 
network-forming  oxide  (TiOi)  in  which  the  cation  Ti44 
has  different  field  strength,*  Z/A*,  than  that  of  Bl44. 

I.  EXPERIMENTAL  PROCEDURE 

The  six  glasses  employed  In  this  study  were  obtained 
through  the  courtesy  of  0,  W.  Clock,  National  Bureau 
of  Standards,  who  has  previously  reported  their  physical 
and  optical  properties.1  The  pressure  and  temperature 
dependence  of  the  elastic  moduli  of  the  same  glasses  has 
been  recently  reported.*  Their  chemical  composition  Is 
given  in  Table  I. 

The  mid-infrared  absorption  spectra  of  these  glosses 
in  the  range  of  1000  to  200  enr1  were  obtained  with  a 
Beckman  111-12  spectrophotometer,  using  the  KBr 
pellet  technique,  The  Instrument  was  calibrated  In  the 
mid-infrared  region  with  polystyrene  film  and  CO  gas, 
and  in  the  low  frequency  region  with  HiO  vapor  and 
solid  yellow  HgO. 

n.  RESULTS  AND  DISCUSSION 

Figs.  1 and  2 show  the  infrared  absorption  spectra  of 
the  Na,0*TlO»-8iOi  glasses  containing  20  and  26  mole  % 
TiOt , respectively.  Tabic  I lists  their  composition  and 
the  vibrational  frequency  assignments  for  the  two  main 
absorption  bands  at  ~950  and  ^460  cm-1. 

A.  Symmetry  of  S104  Unite  In  Na,0«TIO,-SIO,  GUeaes 

As  Na.0  and  TiO,  are  added  to  the  base  silicate  glass, 
the  symmetry  of  the  8i04  tetrshedra  should  decrease, 
and  this  will  affect  the  vibrational  spectra  of  the  glass. 
Table  II  illustrates  the  correlation  table  for  the  sym- 
metry T*  and  the  lower  symmetrica  Dm  ( C* , and 
Ct, . It  may  be  observed  that  two  F,  infrared-actlve 
modes  (stretching  and  bending)  in  T*  symmetry  will 


256  Volama  21,  Number  3, 1974 

HIG  Contribution  No.  55^ 


APPLISD  SPBCTROSCOPT 


PIPiWBPPPpglw  - ■■■■»■  i i. ii  j 

V.t t 


TABUE  I.  Chemical  composition  and  the  infrared  absorption 
frequency  assifnments  (or  tbs  -«S0  and  .4S0  cm  1 vibration 
modes  in  Na.O.TiCVSIO,  (lasses. 


liliv 

•Mtal 

M,4«  <•; 

Nn. 

NkiD 

Tit*. 

1 

17  fi 

20.0 

2 

2fi  0 

20  0 

;t 

Mi  tl 

20.0 

t 

I7.fi 

2ft  0 

fi 

22  fi 

2ft  0 

a 

27.fi 

2ft  0 

SHI, 

SUM  \ ■ rf t 

«2  0 

a fit 

WO 

2.20 

fit)  0 

1 07 

ft7  ft 

a 20 

fi2  ft 

2 :ta 

47.fi 

1.7:1 

SirO  SK>« 

htpmling 
nvnlrx 
fieiturm  y 
l««'l 

Si  O t.rminnl 
*1  .tithing 
mmt# 
ll.qu.ni  y 
tc«  i) 

ifi2  ± a 

tag)  ± a 

4tW>  ± ft 

!«fi  * fi 

405  i fi 

020  * fi 

417  * ft 

005  ± fi 

455  ± fi 

0tt2  ± fi 

470  fc  fi 

IMS  i;  fi 

WAVELENGTH 


ftirrflftti'  to  four  infrared-art  ive  modes  C2ltj  4-  2K)  in 
I he  Dm  symmetry.  For  Ci,  symmetry  (hr  two  F»  motifs 
correlate  to  six  mtKlfs,  active  in  the  infrared  anti 
Kamati.  Thrff  of  thfttf  motifs  will  Im<  A)  ty|M«  and  tlirtf 
will  Itf  K type.  For  C»,  symmetry  fight  modes  will  ls>- 
como  active  in  thi*  infrarod  and  nino  modt's  in  thf 
Haman.  Thun,  the  infrared-active  modos  for  thf  vibra- 
tiuns  involving  SiOt  unitn,  hanod  on  eaoh  symmetry,  are 
an  follows: 

T,t  nymmotry  - r)K  » 2F» 

Dm  nymmrtry  - r,„  - 2B*  + 2K 
Ci,  symmetry  - I',*  - It  A,  + UK 
Ci,  symmetry  - l'IM  - 4At  4-  21),  + 2Bj 


WAVELENGTH  fim 


ENEQUCNCY  I cm'') 

Km  2.  t itf ruroil  nlisfirptioii  Hpcrlrii  ut  Ns,O  TiO«  (Iuhwh  ran 
Isining  2ft  mule  Tit),  . tilnw  4 emit  nine  17  .ft  mole  N«,t> 
nntl  ft7.fi  1111110  r;  Sit  ), ; a I sn*  ft  onnlnitin  22.  ft  mnlr  % Nstt>  mill 
fi2.fi  ntiito  ' i Nit),.  kIimn  it  i-imlitins  27.5  mule  1 i N«,<>  mid  17.fi 
innle  ’ , Sit ),  . 


TABLE  II.  CerrelatiM  chart  fee  T„  Dw,  C„  and  C„ 

aynunetriee. 


c, 

tAJtHRj 
lAgihi 

in^m. 

U2m, 


.»  <— — .u.iin.iih^-— - 
mm. 

m» — ^ 


t>« 

»4N> 

HUH) 

marn.tu 

intiN.it) 


The  infraretl  s|>ertru  of  the  Ku.,()-Ti(),-Si( >,  glasses 
remain  rather  simple.  Our  ex|s'rimental  results  provide 
evitlenee  for  a Dm  symmetry  for  the  HiOt  units,  al- 
though the  <’j,  symmetry  eannot  !«>  eliminatetl.  No 
ovitlenoe  for  a Clv  symmetry  is  observed. 

At  least  two  stretehing  modes  up|>car  in  the  infraretl 
spectrum:  a shoulder  at  ~10f>0  rm~ 1 and  n main  ab- 
sorption  at  MX)  cm1  (in  the  20%  TiO*  glass,  No.  1). 
'Hie  region  is  very  broad.  In  the  landing  region,  only  a 
broad  absorption  appears  at  452 cm-*  (in  the  20% 
TiOj  glass,  No.  1).  The  Itroadtu'ss  t)f  the  hand  is  intiicu- 
tive  of  the  overlapping  of  several  modes,  each  having 
equivalent-  energy.  Thia  hand  was  not  resolvabli'  at 
room  temperature. 

Table  III  summarizes  the  fretpiency  assignments  for 
the  8i()«  vibrations  existing  in  a Dm  symmetry.  No 
evidence,  was  obtainixl  for  Ti-O  vibratitms  in  them' 
glasses,  seanning  the  infraretl  regitm  to  200  cm-1. 
11  utile1*  has  strong  bands  at  005  and  fiOS  cm-1  nntl  weak 
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TABLE  111.  Infrared  •«*i*nm«nu  (or  the  SiO.  tetrahedron 
vibration!  in  Dm  aymmetry. 

Appro, imutr 
(rniurncy  (MXMtinn 


Hu  /Wi«nmr»l  (rni  ') 

Hi  Sit)  torininnl  hi rolrh  "(Wit) 

III  Sit  It  Im-iiiIiiik  ^INI 

I.  Sit)  m roti  li  >. 1050  (hIi) 

K SiOi  Im'IiiIiiik  — IfiO 


bauds  nt  42d  and  d52  rni  while  (lit1  IhijTit),11  h1iowh 
infrared  absorptions  at  770  unit  1171  cm  '.  The  region 
nf  000  In  700  fin  1 in  XiigO-TtOi  SiO,  glasses  ix  frt'f  of 
iilixnr|)tiuii  Tlif  lower  frequency  region  at  • — 4-‘*0 fin  1 
is  nliHfitri'tl  Is'cnose  of  the  I in  mi  I absorption  occurring 
in  tlif  ri'nii m . 

B.  Assignments  for  the  Intermolecular  Vibrations 

Thf  weak  vibration  at  "700  fin  ' iias  lieen  assigned 
In  the  ♦-SiOSi--*  stretching  motif  lietwecn  thf  SiO, 
tftraitfiirii.'5 14  The  Itentling  mode  SiO  Si  hits  iss'ii 
assigned  in  tiif  energy  region  of  the  liroail  fiivnlnpf 
occurring  til  " 150  rni  l.,-‘ ls 

C.  Relation  of  Vibrational  Frequencies  with  Composition 
in  Na,0-TiO,-SiO,  Glasses 

Referring  to  Fins,  i anti  2 mill  Table  III,  the  nlworp- 
tinn  at  Mint)  fin  1 is  attrilnitfil  to  the  Si-0  terminal 
nnnhritlgfd  viliriition,  anil  the  " 450  fin  1 nhsorption  is 
attrilnitfil  to  the  vibrations  involving  Si-O-Si  anti 
<•  SiO  liending  modes,  referred  to  anti  tlisfiissetl  in  an 
earlier  paper.141'  The  shotiltler  at  "1050  fin'1,  ap- 
pearing as  the  Nu,0  eontent  increases,  is  assigned  to 
the  SiO  stretch  within  the  SiO,  unit.  Absorption  at 
"7110  cm  ',  (Ini'  to  Ki-O-Si  bridged  stretching  between 
tetraheilra,  which  is  strong  in  glasses  (ft  anti  fi)  con- 
taining low  No-,!)  content,  Itecomea  weaker  as  the 
\ a-|( ) content  is  incrt'iist'il  (compare  the  spectra  of 
glasses  I -•  d anti  of  4 — • (l  in  Figs.  1 anti  2,  respectively). 

Fig.  d illustrates  the  effect  of  the  SiOi./Na-jO  ratio  on 
the  two  main  absorption  frequencies  ("4)50  anil  "450 
cm  ’),  respectively,  for  the  Nnj-TiO,-8iO,  glasses.  The 
previous  results  for  the  soilium  silicate  glasses14  are  also 
inelutletl  for  comparison.  As  seen,  the  frequency  of  the 
"1)50  cm"1  absorption  bund  decreases  systematically 
anti  notilinearl.v  as  the  X’a,0  content  is  increased  (i.t\. 
as  the  HiO,/Na,0  ratio  decreases).  The  frequency- 
composition  curves  for  the  two  tyjs's  of  Na,0-TiO.,-SiO-i 
glasses,  one  containing  20  anil  the  other  25  mole  % 
TiO, , intersect  at  SiOj/NiijO  ratio  "2,  corresponding 
to  "2H  molar  of  Xn,0.  The  effect  of  increasing 
X'a,0  content  on  the  "450  enr 1 absorption  is  opposite 
and  less  marked-  the  frequency  increases  slightly  with 
a deerease  in  8iO,/Xa,0  ratio.  Here  again,  the  two 
curves  for  flit'  20  anti  25  mole  TiO,  composition 
intersect  at  KiOj/NajO  ratio  of  "2.  It  is  of  interest  to 
ne.ie  front  Fig.  d that  the  relation  of  frequency  vs 
SiO,/Na,0  for  sotlimn  silicate  glasses  inverts  at  Sit)-,/ 
Na,()  ratio  value  slightly  less  than  2 ("IS  mole  ">« 
Na,0).  The  inversion  effect  for  the  sodium  silicate 


Km  a.  Frctpimicy  vs  Sj(),N»,t)  ratio  for  Hi-O  nt  retelling 
( " t»S0  cm  •)  ami  for  the  SiO,  lien'linn  modes  ('-4WI  em"1). 


glasses  corresponds  to  NajO  content  of  !15  molt*  %,  the 
structure  parameter  |/  ■»  (ft  — 200/p),  where  p is  mole 
% SiO,  ,**  lieing  equal  to  ~d.  Whether  the  causes  of 
the  two  observations  nt  8i(),/Na»0  " 2 for  the  Na/>- 
TiOj-SiO,  and  Na,0-SiO,  glasst's  are  related  is  not 
established.  On  comparing  the  nwilts  of  parts  A and  11 
in  Fig.  d,  it  is  found  that  the  role  of  TiOj  content  in 
enhancing  and  diminishing  the  composition  dependence 
of  the  vibration  frequencies  of  the  "-1)50  and  ~450 
enr1  absorption  bands,  rt'Hpectively,  is  not  similar. 
Increase  of  TiO,  content  diminishes  the  effect  on  the 
"1)50  cm1  absorption  frequency  and  enhances  it  for 
the  "4(10  enr  1 frequency. 

III.  SUMMARY 

I Data  are  presented  to  indicate  that  the  symmetry 
of  the  SiO,  units  in  Na»0-TiOt-Si(),  glasses  has  lowered 
from  T,|  to  I),,i  (or  (!,,  symmetry). 

2.  The  two  main  absorptions  at  ~950  enr1  and 
"450  cm  1 occur  at  lower  frequency  than  in  the 
NiinO-SiO,  glasses  ami  fast'd  silica.  Significant  shifts 
toward  lower  frequency  occur  as  the  Na,0  content  is 
increased. 

d.  Fretpit'ney  of  the  terminal  Si-0  stretching  mode 
("1)50  cur1)  is  more  sensitive  to  added  Na,0  than  the 
Sit ),  betiding  motif's  art*. 

4.  The  effect  of  adding  Na,<  > on  the  Si  ()  terminal 
stretching  mode  ( "1)50  cm  '*)  is  opposite  to  that  found 
for  the  SiOSi  and  O-Si-O  Is'iiding  modes  -decrraiung 
frequency  occurring  for  the  stretching  mode  as  the 
N a,( ) content  increases,  and  increasing  frequency  for 
the  ''ending  modes  with  an  increase  in  Na,<)  content. 
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».  For  cttch  ithsiirptiim  (‘JO  and  ‘J.V;!.  Ti<M,  the 
frequency  vs  SiOj/Nn-d)  ratio  curves  intersect  at  ■'-•‘2. 

(i,  No  evidence  for  Tit)  vibriititmH  was  oldained  in 
this  work.17 
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INTRODUCTION 

In  the  course  of  reviewing  various  thermal  and  elastic  properties  of 
glasses,  it  has  been  clearly  shown  (refs.  1-?)  that  two  types  of  anomalous 
behavior  exist  in  the  vibrational  properties  of  inorganic  glasses. 

The  first  is  related  to  abnormally  low-frequency  vibrational  moden  for 
which  volume  dependence  of  frequency  ( i.e.,  dw/dV)  is  positive,  and  in- 
cludes anomalous  properties  such  as  negative  thermal  expansion  coeffi- 
cient, positive  temperature  derivative  of  elastic  moduli  and  negative 
pressure  derivative  of  elastic  moduli,  all  of  which  are  characteristic  of 
the  tetrahedral  glasses  like  fused  silica.  The  second  type  depends  Bolely 
upon  the  low-frequency  vibrational  modes  and  includes  properties  such  as 
large  acoustic  loss,  excess  specific  heat,  and  low-frequency  Raman  scat- 
tering, all  of  which  are  characteristic  of  glassy  state,  In  general.  Thla 
paper  reports  on  the  elastic  moduli,  thermal  expansion  and  acoustic  Iobs 
In  fused  silica,  and  In  seven  sodium  silicate  glasses,  as  the  function  of 
composition,  pressure,  and  temperature.  Although  several  investigations 
on  the  elastic  and  thermal  properties  of  alkali  silicate  glasses  have  been 
carried  out  (e.g.,  refs.  1,  3-6),  virtually  no  data  exist  on  ultrasonic 
attenuation  In  such  glasses,  except  for  some  lower  frequency,  high- 
temperature  data  (ref.  22). 

The  elastic  properties  of  simple  silicate  glasses  In  general  depend 
on  the  density  of  the  Si-O-Si  bonds  in  the  random  network  of  silica.  The 
addition  of  a network-modifier  such  as  Na^O  results  in  a breakdown  of  some 
of  those  bonds  and  the  formation  of  relatively  weaker  31-0-Na  bonds  in 
proportion  to  the  Na-,0  added.  In  this  manner,  Charles  (ref.  7)  has  shown 
that  Young's  modulus  in  the  Na^O-SiO^  glass  system  decreases  systemati- 
cally with  Increase  In  Na^O  content. 

It  Is  of  Interest  to  study  the  changes  In  the  anomalous  behavior  of 
tetrahedral  slllca-like  glasses  as  they  are  progressively  modified  by  the 
addition  of  Na^O.  The  purpose  of  this  study  is  to  investigate  the  elaa- 
tlc,  thermal,  and  ultrasonic  attenuation  properties  of  the  glassee  In  the 
NajO-SlOj  glass  system  in  an  effort  to  elucidate  the  structural  changes 
In  the  random  sllica-baned  network,  and  the  mechanism  Involved. 

(From:  Preprints,  Tenth  Internationa).  Congress  on  Glass,  No.  11, 
Strength  (II)  and  Hardness.  Viscoelasticity  and  Elasticity.) 
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F.XPKRIMF.NTAL  TECHNIQUES 

Fused  silica  (CQW  code  7940),  obtained  from  the  Corning  Glass  Works, 
Corning,  New  York,  and  seven  sodium  silicate  glasses,  synthesized  at  the 
National  Bureau  of  Standards,  Washington,  D.C.,  were  used  In  this  study. 

The  chemical  composition  and  annealing  temperatures  of  the  sodium  silicate 
glasses  are  given  in  Table  1.  Right  circular  cylinders,  1.25  cm  long, 
were  prepared  from  the  glass  samples  for  the  velocity  measurements  as 
function  of  pressure  (to  5 kbar  at  298°  K)  and  temperature  (298-498°  K at 
1 bar);  cylinders  of  approximately  the  same  length  but  larger  diameter 
(-v2  cm)  were  used  for  the  low-temperature  (80-298°  K)  attenuation  and  velo- 
city measurements,  In  order  to  minimize  the  errors  of  the  side-wall 
effects  in  attenuation  work.  The  end-faces  of  cylindrical  specimens  were 
paralleled  to  within  1 part  In  1 0 ^ parts,  and  polished  flat  to  ±1/2  wave- 
length of  sodium  light. 

The  pulse  superposition  technique  (ref.  8)  was  employed  for  studying 
the  pressure  and  temperature  dependence  of  ultrasonic  velocities  and, 
hence,  of  the  moduli.  X-  and  Y-cut  quartz  transducers,  0.65  cm  diameter, 
having  20  MHz  natural  resonant  frequency  were  used  to  generate  congres- 
sional and  shear  waves  in  the  specimen;  30MHz  transducers  were  used  for 
attenuation  measurement.  The  bonding  materials  between  the  specimen  and 
transducer  were:  Dow-Cornlng  276-V9  resin  for  the  pressure  measurements 

at  high  pressure;  HT-424  epoxy  (manufactured  by  American  Cyanamld  Co.)  at 
high  temperatures  (298-498°  K);  and  'Nonaq'  stopcock  greaBe  (Fisher  Scien- 
tific Co.)  for  the  low-temperature  velocity  and  attenuation  measurements. 
The  details  of  the  ultrasonic  equipment,  the  high-pressure  and  high-tem- 
perature apparatus,  and  the  procedure  for  evaluating  the  pressure  and 
temperature  velocity  data  have  been  described  previously  (ref.  9).  The 
basic  experimental  measurement  was  the  pulse  repetition  frequency  (PRF)  of 
the  carrier  rf  wave  applied  to  the  transducer  attached  to  one  plane- 
paralleled  faceB  of  the  specimen.  At  the  'resonant'  condition,  ignoring 
the  effects  of  the  bond,  the  velocity  is  given  by  v ■ 2ft  where  f is  PRF 
rate  (i.e.,  reciprocal  of  a round-trip  delay  time)  and  l is  length  of  the 
specimen.  For  evaluating  velocities  and  moduli  at  high  and  low  tempera- 
tures (above  and  below  298°  K,  respectively),  corrections  were  applied  for 
path-length  changes,  using  the  measured  expansivity  data  (in  the  298-498 
range).  The  results,  to  be  discussed  later,  are  shown  in  Fig.  4. 

The  "modified"  pulse-echo-overlap  (ref.  10)  was  employed  for  making 
the  low-temperature  measurements  of  ultrasonic  velocities  and  attenuation 
simultaneously,  and  liquid-N2  dewer  and  the  electronic  equipment  similar 
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to  that  given  in  ref.  10,  The  method  allowed  a continuous  recording  of 
attenuation  with  temperature,  the  resolution  of  measured  attenuation  values 
being  0.04  dB  or  better.  The  accuracy  of  the  measured  velocity  is  esti- 
mated to  be  . 035t  or  better. 


DISCUSSION  OF  RESULTS 

1.  Elastic  Moduli  at  Ambient  Conditions.  The  elastic  parameter  measure- 
ments for  fused  silica  and  the  Na^O-SiOg  glasses  at  20  MHz  are  listed  in 
Table  1.  The  density  of  the  NSjO-SlOg  glasses  continuously  increases 
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Pig.  1 Density,  V and 
V'  as  function 
or  Na20  content. 
Open  circles 
represent  unpub- 
lished data  of 
KurkJ ian  and 
Krause . 
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with  increasing  NagO  content,  however,  the  velocities  of  both  the 
compressional  (Vp)  and  shear  (V&)  waves  decrease.  Good  agreement  is  found 
with  the  unpublished  velocity  data  of  Krause  and  Kurkjian  (personal  commu- 
nication, 3 97^) , as  seen  in  Fig.  1.  The  present  data  Indicate  a minimum 


in  Vp  near  25  mole  t Na^O  composition;  thereafter  Vp  seems  to  increase 
with  Increasing  NagO  content.  Fig.  2 shows  the  composition  dependence  of 


shear  (p),  bulk  (K),  and  Young's  (E)  moduli.  Both  p and  E decrease  non- 
linearly  but  systematically  with  increasing  NagO  content;  K modulus  In 
fused  silica  appears  at  first  to  decrease  when  NagO  is  added  but,  above 
10-12  mole  % Na20),it  continuously  increases.  These  results  show  that  the 
role  of  added  Na+  is  twofold:  (1)  the  ions  fill-in  the  void  space  in 

silica  structure;  and  (2)  they  modify  the  Si-O-Si  bonds,  forming  weaker 
Si-O-Na  bonds  in  proportion  to  the  amount  of  NagO  added  and  causing  moduli 
to  decrease  (ref.  7 ) . 

2.  Pressure  and  Temperature  Dependence  of  Elastic  Moduli.  The  pressure 
dependence  of  the  elastic  moduli  of  NagO-Si02  glasses  is  found  to  be 
linear,  within  experimental  error,  in  the  preBBuro  range  of  this  Btudy 
(5  kbar).  Lower  soda-content  glasses  appear  more  anomalous  (i.e.,  dK/dP 
and  dp/dP  are  both  more  negative);  the  anomalous  behavior  systematically 
decreases  (i.e.,  becomes  less  negative)  with  increase  in  NagO  content 
(fig.  3).  At  lower  NagO  content  (£  20  mole  X),  the  values  of  dK/dP  and 
dp/dP  change  more  rapidly  with  composition  than  at  higher  content  (>  20 
mole  <).  From  Fig.  3,  dK/dP  and  dp/dP  are  zero  for  glaBBes  containing 
approximately  16  and  25  mole  g Na20,  respectively. 

The  results  of  the  temperature  dependence  of  fractional  velocities. 


V ) / V ) _ and  (V„)  /(V  ) , and  of  shear  modulus  are  shown  in 

P T , P 298  8 T 8 298* 

Figs.  4 and  5,  respectively.  Except  for  glasses  K110  and  Kill  (containing 
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Longitudinal-  (left)  and  shear-wave  (right)  velocity  ratio 
versus  temperature.  The  values  in  parentheses  represent 


NagO  mole  %. 
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| 10  and  15  mole  % Na20,  respectively),  the  temperature  dependence  of 

I * (above  298°  K)  In  all  of  the  others  Is  normal  (l.e.,  negative  temperature 

| derivatives);  for  V , only  K110  shows  anomalous  behavior  (l.e.,  positive 

| temperature  derivative).  The  values  of  dK/dT  and  dy/dT  from  both  the  high- 

| and  low-temperature  measurements  at  298°  K are  In  good  agreement  (Pig.  6). 


r 


Pig.  5 Shear  modulus  ratio  Pig.  6 dK/dT  and  dy/dT 

versus  temperature.  versus  Na„0 

content . 

Here  it  is  again  noted  that  the  degree  of  anomalous  behavior  (positive 
dK/dT  and  dy/dT)  decreases  with  addition  or  Na20,  The  composition  depen- 
dence of  dK/dT  is  linear;  but  that  of  dy/dT  is  somewhat  nonlinear,  at 
least  for  higher  Na20  content. 

In  the  course  of  a study  of  the  acoustic  spectra  of  Na20-Qe02  glasses 
(ref.  11),  it  wa3  pointed  out  that  a 30S  Na20-70<  0eo2  glass  shows  low- 
temperature  thermal  relaxation  at  ^125°  K.  The  low-temperature  results  in 
Pigs.  4 and  5,  showing  reversals  in  the  anomalous  behavior  of  fused  silica 
and  the  Kill  and  K112  glasses,  also  indicate  such  thermal  relaxation.  The 
minima  in  the  velocity  and  modulus  (around  ^120°  K),  caused  by  the  thermal 
relaxation,  is  seen  to  Bhift  to  higher  temperatures  with  increase  in  the 
Na20  content;  also,  the  magnitude  of  thermal  relaxation  decreases,  as  in- 
dicated by  increasing  linearity  of  the  curves,  with  increasing  Na2o  con- 
tent . 

3.  Qrunelsen  Parameters.  The  thermal  Qruneisen  parameters,  y^  » 
aVK8/,pCp  " avKT//pCv*  were  evaluated  using  measured  av,  Kg  and  p values, 
and  calculated  Cy  values;  the  latter  were  obtained  from  the  Debye  theory 
(ref.  12).  Values  of  Debye  temperature  (0p)>  Cy , and  yth  are  given  in 
Table  1.  The  yfch  values  systematically  increase  with  increase  in  Na20 
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pressure  and  temperature  derivative  values.  The  hlgh-temperature  limiting 
values  of  mode  Orunelr.en  parameter,  can  be  evaluated  from  pressure 

dependence  of  velocities  (ref.  13).  The  values  of  y^  Increase  more 
rapidly  than  y^  does  with  Increasing  Na^O  content  (fig.  7).  Although  the 
yf[T  values  are  negative  and  larger  than  the  yfch  values,  both  Qrunelaen 
parameters  Increase  when  Na.,0  Is  added  to  the  silica  structure. 

Temperature  dependence  of  yth  In  the  range  of  298— 11980  K Is  shown  In 
Fig . 8.  In  fused  silica  and  the  lower  soda-content  glasses,  the  yth  value 
Is  more  or  leas  temperature-invariant.  For  higher  soda-content  glasses, 
yfch  Increases  more  rapidly  with  temperature. 

I).  Ultrasonic  Attenuation.  Large  ultrasonic  attenuation  occurs  In  Bimple 
Inorganic  oxide  glasses  such  as  .SIO2,  OeOg,  BjO^,  and  As^O^  at  various 
temperatures  In  the  range  from  ^50°  to  'v250°  K (refs.  1*1-21).  Anderson 
and  Bominel  (ref.  1*1)  proposed  a structural  relaxation  mechanism  to  explair 
the  attenuation  spectrum  for  fused  dfclica  at  low  temperatures.  According 
to  them,  thermally  activated  lateral  shifting  of  an  oxygen  atom  between 
two  equivalent  equilibrium  positions,  perpendicular  to  the  S1-0-G1  bond, 

Is  a source  of  structural  relaxation  which  also  explains  the  negative 
thermal  expansion  and  excess  3pec.if.lc  heat  anomalies  at  low  temperatures 
In  fused  silica.  An  alternate  mechanism,  which  Involves  the  movement  of 
the  oxygen  atom  in  the  direction  of  the  S1-0-S1  bond  rather  than  perpendi- 
cular to  It,  has  been  proposed  in  a two-bond-length  model  (refs.  15-16). 

Compared  to  the  amount  of  work  on  fused  silica,  very  little  work  has 
been  done  on  the  study  of  relaxational  processes  In  sodium  silicate  glasses 
except  at  low  frequencies  (.01  and  10  Hz)  where  the  attenuation  occurs  due 
to  Ionic  migration  of  Na+  (refs.  17,  22)  and  possibly  oxygen  ions  (refs. 
22-24).  The  Na+-mlgratlon  relaxation  is  a stress-induced  phenomenon, 
resolvable  at  frequencies  of  the  order  of  KHz. 


11  - 109 


1 


Figures  9 and  10  show  the  composition  dependence  of  longitudinal  and 


Fig.  9 

Temperature  dependence  of 
attenuation  (longitudinal  mode), 


Fig.  10 

Temperature  dependence  of 
attenuation  (shear  mode). 


shear  attenuation  at  30  MHz,  respectively,  for  the  Na20-Si02  glasses  at 
ambient  conditions.  As  seen,  the  attenuation  due  to  shear-wave  propaga- 
tion Is  approximately  twice  that  due  to  longitudinal-wave  propagation, 
which  supports  the  previous  conclusion  (ref.  19)  that  the  Iobs  is  in  large 
part  sensitive  to  shear  distortion.  The  temperature  dependence  of  longi- 
tudinal and  shear  ultrasonic  attenuation  are  plotted  in  Fig.  11.  The 


Fig.  11  Ultrasonic  attenuation  as  Fig.  12  Peak  attenuation  tempera- 


function  of  Na20  content. 


ture  versus  Na20  content. 


present  30  MHz  attenuation  data  for  fused  silica  are  in  good  qualitative 
agreement  with  previous  20  MHz  data  (ref.  I1*,  16,  21)  with  respect  to  the 
shape  of  the  attenuation-temperature  curve,  although  our  attenuation  val- 
ues at  30  MHz  are  larger.  Figures  9 and  10  show  increasing  broadening  of 
the  attenuation  peaks  with  increasing  concentration  of  Na20.  This  is 
probably  due  either  to  thermal  broadening  (ref.  14)  or  to  a wider  distri- 
bution of  activation  energy;  the  width  of  the  loss  peak  (e.g.,  in  fused 
silica;  refs.  lH,  l6)  has  been  interpreted  in  light  of  the  distribution 
of  activation  energy.  Alternately,  the  broadening  could  also  be  due  to 
the  superposition  of  the  high  temperature  Na+-migration  relaxation  on  the 
structural  relaxation,  at  least,  for  the  low-silica  glasses. 


1 


11  - 110 


■m 

:-S 

! 


m 


One  of  the  most  interesting  findings  of  thio  study  is  the  shifting  of 
the  peak  attenuation  temperature  (in  the  low-temperature  range)  with  in- 
creasing Na20  content;  the  peak  attenuation  temperature  for  each  glass  is 
Indicated  by  an  arrow  (figs.  9 and  10).  Because  of  the  broadness  of  the 
attenuation  curves,  there  is  significant  uncertainty  in  determining  the 
peak  temperatures.  Also,  since  the  peak  attenuation  temperatures  for 
glasses  K110  and  Kill  would  fall  below  80°  K — outside  the  temperature 
range  of  this  study — the  peak  attenuation  temperatures  for  these  glasses 
were  estimated  by  extrapolating  the  attenuation  versus  temperature  curves 
(Figs.  9 and  10);  hence  the  relationship  shown  in  Fig.  12  is  subject  to 
further  uncertainty. 

However,  compared  to  the  peak  attenuation  temperature  of  47°  K for 
fused  silica  (refs.  14,  16),  the  peaks  for  the  NajO-SiOg  glasses  certainly 
appear  to  be  composition-dependent.  Since  the  peak  attenuation  tempera- 
ture increases  with  Increase  in  the  NSgO  content,  the  effect  of  adding 
NajO  to  SiO,,  is  opposite  that  of  adding  Na20  to  QeO,,  (ref.  11),  although 
there  are  structural  similarities  between  fused  Si02  and  0e02  (both 
glasses  have  tetrahedral  structures). 

For  the  low-temperature  structural  relaxation  mechanism,  such  as  that 
present  in  fused  silica  (ref.  14)  and  presumably  also  in  the  NagO-SiO., 
glasses,  it  would  be  of  Interest  to  compute  from  the  frequency-dependence 
of  the  peak  attenuation  temperatures  the  most  probable  activation  energies 
for  different  concentrations  of  Na20.  However,  as  attenuation  data  at 
different  frequencies  are  not  yet  available  for  these  glasses,  no  attempt 
can  be  made  to  calculate  the  activation  energies  for  these  glasses  (for 
fused  silica,  activation  energy  is  'vlOBO  cal/mole;  ref.  14).  However, 
from  the  shift  of  the  peaks  to  higher  temperatures  (Fig.  12),  it  is  sug- 
gested that  in  some  systematic  fashion  the  activation  energy  increases  with 
Na.,0,  contrary  to  that  found  for  the  Na20-Ge02  system  (ref.  11).  Although 
the  high-temperature  Na+  relaxation  (>250°  K)  seems  to  obscure  the  low- 
temperature  side  of  the  attenuation  curve,  at  least,  for  higher  Na.,0 
content  glasses,  it  is  clearly  inferred  from  the  magnitudes  of  attenuation 
curves  of  the  Na20-S102  glasses  (figs.  9 and  10)  that  the  magnitude  of 
attenuation,  and  thereby  relaxation  strength,  decreases  with  increasing 
Ha20.  As  a phenomenon,  this  behavior  can  be  interpreted  on  the  basis  of 
a structural  model  in  which  the  Na20  molecule  modifies  the  existing 
Si-O-Si  bonding  sites.  This  modification  may  result  in  the  formation  of  a 
weaker  Si-O-Na  bond  or  an  uribrldged  Si-O-  bond.  The  former  would  impede 
the  movement  of  the  oxygen  atoms,  and  since  movement  of  the  oxygen  atom  is 
the  cause  of  attenuation  this  would  result  in  decrease  in  the  attenuation, 
accompanied  by  the  increase  in  the  activation  energy  as  revealed  by  the 
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shifting  of  the  attenuation  peak  to  higher  temperatures.  The  latter 
modification  would,  however,  make  no  contribution  to  attenuation.  In 
other  words,  a loosening  of  structure  occurs  with  the  addition  of  soda, 
which  is  in  agreement  with  the  low  frequency  internal  friction  work 
(ref.  22). 

In  high-soda  glasses,  at  30  MHz,  one  would  expect  to  find  Na+ 
relaxation  at  temperatures  above  room  temperature.  Near  room  temperature 
(Figs.  10  and  11),  the  temperature-dependence  of  both  longitudinal  and 
shear  attenuation  Increases  with  increasing  Na^O.  The  effect  of  composi- 
tion on  the  internal  friction  at  much  lower  frequencies  (.Oi-Hz)  for  Na20- 
S102  glasses  studied  by  Forry  (ref.  22)  shows  a decrease  both  in  Intensity 
and  peak  temperature  as  Na^O  content  increases.  In  light  of  this  and  our 
results,  it  may  be  concluded  that  the  expected  high-temperature  attenuation 

peak  is  shifting  toward  lower  temperatures  with  increasing  Na_0.  A similar 
±.  ** 
shift  In  Na  relaxation  temperatures  has  also  been  observed  in  the  Na20- 

QeOg  glasses  (ref.  11).  This  type  of  high-temperature  relaxation  requires 

large  activation  energy  compared  to  low-temperature  structural  relaxation. 

It  is  desirable  to  investigate  further  the  composition  dependence  of  Na+ 

relaxation  at  high  temperatures  and  low  frequencies  in  other  types  of 

glasses. 

5.  Summary 

a.  Elastic  moduli  of  Na20-Si02  glasses  and  their  pressure  and  temperature 
derivatives  vary  systematically  with  composition.  Increasing  Na20  content 
results  in  decrease  of  y and  E moduli.  K modulus  first  decreases  (,'>10j( 

Na20)  and  then  increases  with  increase  In  Na20.  Low-soda  glasses  exhibit 
anomalous  behavior  under  pressure  and  temperature.  The  degree  of  anomalous 
behavior  decreases  with  increasing  Na20,  i.e.,  the  pressure  derivatives  of 
moduli  increase  and  the  temperature  derivatives  decrease  with  Increase  in 
NagO . 

b.  The  Gruneisen  parameters  yth  and  I^T  i,,crease  with  Na.,0.  The  disparity 

between  the  and  yHT  values  decreases  as  Na20  increases;  at  70  mole  % 
Na^O  glass  composition,  the  two  values  are  the  same.  increases  with 

temperature;  the  temperature  dependence  of  y ^ increases  with  increase  in 
Na20. 

c.  At  room  temperature,  shear-wave  attenuation  at  30  MHz  is  larger  (a-2 
times)  than  the  longitudinal-wave  attenuation;  both  types  of  losses,  how-  * 
ever,  increase  with  Na20. 

d.  The  low-temperature  attenuation  peak  (due  to  structural  relaxation) 
observed  in  fused  silica  at  ~H7°  K is  also  found  in  Na20-S102  glasses.  The 

peak  attenuation  temperature  is  found  to  increase  with  increase  in  Na20, 
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Indicating  that  the  activation  energy  Is  Increasing  with  Na20,  contrary  to 
what  has  been  previously  reported  for  Na^O-QeO^  glasses  (ref.  11).  The 
attenuation-temperature  curves  at  these  low  temperatures  show  a reversed 
relationship  compared  to  that  found  at  room  temperature,  i.e.,  the  attenua- 
tion peak  height  decreases  with  increasing  Na-jO.  Explanation  is  offered 
In  terms  of  the  formation  of  Si-O-Na  bonds,  which  arc  weaker  than  Si-O-Si 
bonds . 
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« r?  The  elastic  properties  of  the  M20-S102  glasses  vary  systematically  with 

composition.  Addition  of  M2O  to  SIO2  structure  causes  Increase  in  bulk 
modulus  '(K)'1  o f all  the  glasses,  decrease  in  shear  fft^and  Young's  moduli  (E)  £ 
of  all  but  the  L120-S102  glasses,  and  Increase  in  Poisson's  ratio.  Low  MjO 
^glasses  show  anomalous  elastic  behavior  under  pressure*  that  is,  dM/dP,  where 
M is  any  modulus,  is  negative.  The  values  of  dM/dP  Increase  linearly  with 
M2O  content.  Likewise  dM/dT  for  the  M20-SiC>2  glasses  decreases  with  M2O 
content. 

Effect  of  phase  separation  on  the  elastic  properties  is  not  significant; 
however,  their  temperature  dependence  is  sensitive  to  phase  separation.  ■ ^ 

'--Ultrasonic  longitudinal  fee  ) and  shear  (fit wave  attenuation  are  found  to 
be  linearly  proportional  to  freljuency.^  Both  ap  and  as  increase  with  M2O 
content;  otp/a8  ratio  varies  from  2 to  2.6.  . 

■ The  low-temperature  attenuation  peak  found  in  fused  silica  at~)v47  K 
broadens  and  shifts  to  higher  temperature  with  increase  in  M2O  content. 
Implication  of  this  is  discussed  ;Ln  terms  of  transverse  oxygen  vibrations. 

Coefficient  of  the  thermal  expansion  (a^)  of  l^O-SiC^  glasses  increases 
in  the  order:  l^O-SK^  > Na20-Si02  > L^O-SiC^  glasses,  and  increases  with 

increase  in  M2O  content.  The  is  found  to  vary  quadratically  with  tempera- 
ture. 

Elastic  properties  of  Si09-TiC>2  glasses  containing  up  to  ^10%  TiC>2, 
investigated  to  5 kbar  and  300®C,  show  that  annealing  causes  density  and  V8 
to  increase,  and  V to  decrease.  The  elastic  properties  of  the  annealed 
glasses  vary  systematically  and  more  or  less  linearly  with  composition.  Due 
to  the  weakening  of  structure,  all  the  moduli  decrease.  Addition  of  TiC^ 
also  causes  the  glasses  to  become  more  anomalous  under  pressure  and  tempera- 
ture (dM/dP  and  dM/dT  become  more  negative  and  more  positive,  respectively). 
This  behavior,  consistent  with  the  thermal  expansion  data,  appears  to  be 
caused  by  increasing  openness  of  the  structure. 
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Lawrence  Radiation  Laboratory 
Berkeley,  California  94720 

Los  Alamos  Scientific  Laboratory 

P.  0.  Box  1663 

Attn:  Report  Librarian 

Los  Alamos,  New  Mexico  87544 

Commanding  Officer 

Army  Materials  and  Mechanics 

Research  Center 

Attn:  Res.  Programs  Office  (AMXMR-P) 

Watertown,  Massachusetts  02172 

Director 

Metals  & Ceramics  Division 
Oak  Ridge  National  Laboratory 
P.  0.  Box  X 

Oak  Ridge,  Tennessee  37830 

Commanding  Officer 

Naval  Underwater  Systems  Center 

Newport,  Rhode.  Island  02844 


Aerospace  Research  Laboratories 
Wright -Patters on  AFB 
Building  450 
Dayton,  Ohio  45433 

Defense  Metals  Information  Center 
Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  Ohio  43201 

Army  Electronics  Command 
Evans  Signal  Laboratory 
Solid  State  Devices  Branch 
c/o  Senior  Navy  Liaison  Officer 
Fort  Monmouth,  New  Jersey  07703 

Commanding  General 
Department  of  the  Army 
Frankford  Arsenal 
Attn:  ORDBA-1320,  64-4 

Philadelphia,  Pennsylvania  19137 

Executive  Director 
Materials  Advisory  Board 
National  Academy  of  Sciences 
2101  Constitution  Avenue,  N.  W. 
Washington,  D.  C.  20418 

NASA  Headquarters 
Attn:  Code  RRM 

Washington,  D.  C.  20546 

Air  Force  Materials  Lab 
Wright-Patterson  AFB 
Attn:  MAMC 

Dayton,  Ohio  45433 

Air  Force  Materials  Lab 
Wright-Patterson  AFB 
Attn:  MAAM 

Dayton,  Ohio  45433 

Deep  Submergence  Systems  Project 
Attn:  DSSP-00111 

Washington,  D.  C.  20360 
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Advanced  Research  Projects  Agency 
Attn:  Director,  Materials  Sciences 

Washington,  D.  C.  20301 

Army  Research  Office 
Attn:  Dr.  T.  E.  Sullivan 

3045  Columbia  Pike 
Arlington,  Virginia  22204 

Department  of  the  Interior 
Bureau  of  Mines 

Attn:  Science  4 Engineering  Advisor 

Washington,  D.  C.  20240 

Defense  Ceramics  Information  Center 
Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  Ohio  43201 

National  Aeronautics  4 Space  Adm. 
Lewis  Research  Center 
Attn:  Librarian 
21000  Brookpark  Rd. 

Cleveland,  Ohio  44135 

Naval  Missile  Center 
Materials  Consultant 
Code  3312-1 

Point  Mugu,  California  93041 


Director 

Applied  Physics  Labors to £7 
Johns  Hopkins  University 
8621  Georgia  Avenue 
Silver  Spring,  Maryland  20901 

Director 

Applied  Physics  Laboratory 
1013  Northeast  Fortieth  St. 

Seattle,  Washington  98105 

Materials  Sciences  Group 
Code  S130.1 

271  Catalina  Boulevard 
Navy  Electronics  Laboratory 
San  Diego,  California  92152 

Dr.  Waldo  K.  Lyon 

Director,  Arctic  Submarine  Laboratory 
Code  90,  Building  371 
Naval  Undersea  R&D  Center 
San  Diego,  California  92132 

Dr.  R.  Nathan  Katz 
Ceramics  Division 
U.S.  Army  Materials  & Mechanics 
Research  Center 
Watertown,  Mass.  02172 


Commanding  Officer 

Naval  Weapons  Center  Corona  Labs. 

Corona,  California  91720 

Commander 

Naval  Air  Test  Center 

Weapons  Systems  Test  Div.  (Code  01A) 

Patuxent  River,  Maryland  20670 

Director 

Ordnance  Research  Laboratory 
P.  0.  Box  30 

State  College,  Pennsylvania  16801 
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SUPPLEMENTARY  DISTRIBUTION  LIST 

Dr.  R.  H.  Doremus 


Professor  R.  Roy 
Materials  Research  Laboratory 
Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Professor  D.  H.  Whitmore 
Department  o£  Metallurgy 
Northwestern  University 
Evanston,  Illinois  60201 

Professor  J.  A.  Pask 
Department  of  Mineral  Technology 
University  of  California 
Berkeley,  California  94720 

Professor  D.  Turnbull 

Div.  of  Engineering  and  Applied  Science 
Harvard  University 
Pierce  Hall 

Cambridge,  Massachusetts  02100 

Dr.  T.  Vasilos 
AVCO  Corporation 

Research  and  Advanced  Development  Div. 
201  Lowell  Street 
Wilmington,  Massachusetts  01887 

Dr.  H.  A.  Perry 
Naval  Ordnance  Laboratory 
Code  230 

Silver  Spring,  Maryland  20910 

Dr.  Paul  Smith 
Crystals  Branch,  Code  6430 
Naval  Research  Laboratory 
Washington,  D.  C.  20390 

Dr.  A.  R,  C.  Westwood 
RIAS  Division 

Martin-Marietta  Corporation 
1450  South  Rolling  Road 
Baltimore,  Maryland  21227 

Prof.  M.  H.  Manghnani 
University  of  Hawaii 
Hawaii  Institute  of  Geophysics 
2525  Correa  Road 
Honolulu,  Hawaii  96822 


General  Electric  Corporation 
Metallurgy  and  Ceramics  Lab. 
Schenectady,  New  York  12301 

Professor  G.  R.  Miller 
Department  of  Ceramic  Engineering 
University  of  Utah 
Salt  Lake  City,  Utah  84112 

Dr.  Philip  L.  Farnsworth 
Materials  Department 
Battelle  Northwest 
P.  0.  Box  999 

Richland,  Washington  99352 

Mr.  G.  H.  Haertling 
Ceramic  Division 
Sand  la  Corporation 
Albuquerque,  New  Mexico  87101 

Mr.  I.  Berman 

Army  Materials  and  Mechanics 
Research  Center 

Watertown,  Massachusetts  02171 
Dr.  F.  F.  Lange 

Westlnghouse  Electric  Corporation 
Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

Professor  H.  A.  McKinstry 
Pennsylvania  State  University 
Materials  Research  Laboratory 
University  Park,  Pa.  16802 

Professor  T.  A.  Lltovitz 
Physics  Department 
Catholic  University  of  America 
Washington,  D.  C.  20017 

Dr.  R.  J.  Stokes 

Honeywell  Corporate  Research  Center 
10701  Lyndale  Avenue  South 
Bloomington,  Minnesota  55420 


Dr.  W,  Haller 

Chief,  Inorganic  Glass  Section 
National  Bureau  of  Standards 
Washington,  D.C.  20234 
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Dr.  Harold  Liebowitz 
Dean  of  Engineering 
George  Washington  University 
Washington,  D.  C.  20006 

Dr.  H.  Kirchner 
Ceramic  Finishing  Company 
P.  0.  Box  498 

State  College,  Pennsylvania  16801 

Professor  A.  H.  Heuer 
Case  Western  Reserve  University 
University  Circle 
Cleveland,  Ohio  44106 

Dr.  D.  E.  Niesz 
Battelle  Memorial  Institute 
505  King  Avenue 
Columbus,  Ohio  43201 

Dr.  F.  A.  Kroger 

University  of  Southern  California 

University  Park 

Los  Angeles,  California  90007 

Dr.  Sheldon  M.  Wiederhorn 
National  Bureau  of  Standards 
Inorganic  Materials  Division 
Washington,  D.C.  20234 

Dr.  C.  0,  Hulse 
United  Aircraft  Research  Labs 
United  Aircraft  Corporation 
East  Hartford,  Connecticut  06108 


Dr.  Stephen  Malkin 

Department  of  Mechanical  Engineering 
University  of  Texas 
Austin,  Texas  78712 

Prof.  H.  E.  Wilhelm 

Department  of  Mechanical  Engineering 

Colorado  State  University 

Fort  Collins,  Colorado  80521 


Stanford  University 
Dept,  of  Materials  Sciences 
Stanford,  California  94305 

Dr.  R.  K.  MacCrone 
Department  of  Materials  Engineering 
Rensselaer  Polytechnic  Institute 
Troy,  New  York  12181 

Dr.  D.  C.  Mattis 

Belfer  Graduate  School  of  Science 

Yeshiva  University 

New  York,  New  York  10033 

Professor  R.  B.  Williamson 
College  of  Engineering 
University  of  California 
Berkeley,  California  94720 

Professor  R.  W.  Gould 
Department  of  Metallurgical 
and  Materials  Engineering 
College  of  Engineering 
University  of  Florida 
Gainesville,  Florida  32601 

Professor  V.  S.  Stubican 
Department  of  Materials  Science 
Ceramic  Science  Section 
Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 

Dr.  R.  C.  Anderson 

General  Electric  R and  D Center 

P.  0.  Box  8 

Schenectady,  New  York  12301 

Dr.  Bert  Zauderer 
MHD  Program,  Advanced  Studies 
Room  L-9513  - VFSC 
General  Electric  Company 
P.  0.  Box  8555 
Philadelphia,  Penna.  19101 

Prof.  C.  F.  Fisher,  Jr. 

Department  of  Mechanical  and  Aero- 
space Engineering 
University  of  Tennessee 
Knoxville,  Tennessee  37916 
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